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1.0 INTRODUCTION

The evaluation of remedial alternatives for actinides (herein considered as plutonium [Pu],
americium [Am], and uranium [U] isotopes) at the Rocky Flats Environmental Technology
Site (RFETS) (the “Site”) must consider migration and mobility (i.e., transport) along
environmental pathways. Transport pathways include: soil (surficial and subsurface),
sediment, groundwater, surface water, and air. During 1996, an Actinide Migration
Expert Panel was convened by the Department of Energy, Rocky Flats Field Office (DOE,
RFFO). The Panel, which consisted of nationally-recognized specialists on actinide
chemical behavior and migration/mobility in the environment, reviewed existing data on
actinide migration at RFETS, and made recommendations for further work. Their
recommendations included: 1) develop a defensible conceptual model for actinide
transport, based on a thorough understanding of chemical and physical processes; 2)
investigate the long-term impacts of actinide geochemical mobility on remedial
requirements; and 3) evaluate the long-term protectiveness of the Rocky Flats Cleanup
Agreement (RFCA), Attachment 5, Action Levels and Standards Framework for Surface
Water, Groundwater, and Soils (ALF)(DOE, 1996) soil action levels.

This report presents a summary of existing data that has been initiated to further the
understanding of the conceptual model as recommended by the Panel. An update to the
Development of Conceptual Model of Potential Pathways for Migration of Actinides
Uranium, Plutonium, and Americium at RFETS included in the Proposed Path Forward
for the Actinide Migration Studies (DOE, 1997a) is developed in this report to better
understand the relationship among the transport pathways and the potential effects of

actinides on surface water and air quality.
11 PURPOSE AND OBJECTIVES

Over the past two decades, routine monitoring and studies of environmental media at

RFETS have shown that site-derived actinides have been released and are present in the
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environmental media at RFETS. DOE, RFFO and the Kaiser-Hill Team have initiated
multi-year Actinide Migration Studies which include summarizing the diverse body of
existing data, evaluating the protectiveness of soil action levels on surface water quality,
and providing additional data on actinides in the Site’s environment as required for
remedial action. This work supports the Site’s Closure Plan Accelerating Cleanup: Focus
on 2006 (DOE, 1997b) that was developed to achieve accelerated risk reduction and

significant cleanup of the Site by calendar year 2006.

The purpose of this report is to develop a better understanding of the chemical and physical
mechanisms of actinide mobility and potential impacts to surface water by summarizing
exisﬁng knowledge on actinide behavior and distribution in soils, groundwater, and surface
water. This information will better the understanding of the actinide migration conceptual

model (DOE, 1997a) and identify additional data required for designing remedial actions.
1.2 REGULATORY FRAMEWORK

The ALF sets forth standards and action levels for environmental media. These standards
and action levels incorporate the RFCA Vision, and land- and water-use controls in the
RFETS cleanup. Actinide surface water standards (0.15 pCi/L each, for plutonium and
americium) are based upon human health risk as a consequence of human ingestion of
surface water and are assigned at compliance points as water leaves the site, so that the
surface water is of acceptable quality for all designated uses. The Site’s water quality
standard for uranium is currently set at 10 pCi/L based on ambient levels in Site surface
waters. The State of Colorado has suspended consideration of a statewide health based
standard until the Environmental Protection Agency promulgates a maximum contaminant
level for uranium in drinking water. The soil action levels for radionuclides are based
upon radiation dose limits for designated land-use scenarios for RFETS. The soil action
levels did not consider the transport of soil containing actinides to surface water because it
was assumed, when the soil action levels were calculated, that there would be no

consumption of groundwater or surface water. The soil radionuclide action levels must be
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assessed for long-term protectiveness of surface water. The RFCA states that: “protection
of surface water uses with respect to the long-term Site condition will be the basis for
making soil and groundwater remediation and management decisions, and that additional
groundwater or soil remediation or management may be required for the protection of

surface-water quality or ecological resources.”

1.3 SCOPE OF THE REPORT

This report supports the mission and goals of the Actinide Migration Studies by presenting
actinide data compiled from the Rocky Flats Environmental Database System (RFEDS),
RCRA Facility Investigation/Remedial Investigation (RFI/RI) reports, Interim
Measure/Interim Remedial Action (IM/IRA) decision documents, and the results of other
reports and studies on the behavior of actinides in the RFETS environment. The current
state of knowledge is summarized using available information with respect to the
distribution and transport of actinides in surface soil, subsurface soil, sediment,
groundwater, surface water, and air at RFETS. Data deficiencies are identified, and

recomnmendations for future actions are made.

This report reviews and summarizes the diverse body of existing data on actinides in the
RFETS environment and identifies existing deficiencies in knowledge of actinide behavior
in soils, groundwater, and surface water. The Proposed Path Forward for Actinide
Migration (DOE, 1997a) proposes actions that will facilitate the development of the
conceptual model, providing a better understanding of the relationship of actinide levels in

soil, and the effects of remedial activities on the long-term protection of surface water.
1.4 REFERENCES
DOE, 1996, Rocky Flats Cleanup Agreement, July 19, 1996.

DOE, 1997a, Proposed Path Forward for the Actinide Migration Studies, June, 1997.
DOE, 1997b, Accelerating Cleanup: Focus on 2006, June, 1997.
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2.0 BACKGROUND

The following sections present the geologic, hydrogeologic, and climatologic setting; actinide
source areas; and a summary of previous actinide investigations at RFETS relative to the
occurrence and transport pathways of actinides in the environment.

Environmental conditions influence the mode, rate, and direction of contaminant transport
and, to a large extent, determine the chemical fate of contaminants in the environment.
Chemical and physical interaction of various environmental media can play an important role
in mobilizing or demobilizing the spread of contamination, which must be understood in
order to evaluate and design appropriate remedial actions. For additional discussion of these
media, the reader should consult the 1994 RFETS Environmental Report (Kaiser-Hill, 1995)
and the 1995 RFETS Sitewide Geoscience Characterization Study series of reports, including
the Geologic Characterization Report (EG&G, 1995b), Hydrogeologic Characterization
Report (EG&G, 1995¢), and Groundwater Geochemistry Report (EG&G, 1995a). A
discussion of potential actinide transport pathways and their interaction is further described in
Section 8.

A summary of previous investigations provides insights into work done to date on actinide

migration at RFETS.

21 CLIMATOLOGY

Basic climatological information (including general descriptions of the climate, precipitation,
temperatures, and wind patterns) is pertinent to understanding the hydrologic setting and
actinide migration potential of environmental media at RFETS. The local climate at RFETS
exerts a strong influence on soil, groundwater, and surface water conditions. For example,
precipitation amount, frequency, intensity, and seasonality (combined with air temperatures,
humidity, and wind conditions) influence the potential for wind and soil erosion, groundwater
recharge, and evapotranspiration. These parameters will be discussed briefly to provide

background information for the hydrology sections of the report. A more detailed summary
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of the climatology and meteorology at the Site is provided in RFETS Environmental Report
(Kaiser-Hill, 1995).

The RFETS area has a semi-arid climate that is characteristic of much of the central Rocky
Mountain region. Table 2-1 summarizes climatic data for the Site collected in 1994.
Historically, annual precipitation at Rocky Flats averages nearly 15.5 inches, with about 42%
of the annual precipitation falling during the spring season (April through June) (EG&G,
1995c). Precipitation falls primarily as snow from late October through early April and as
rain during the remaining months. The Site is less prone to severe weather activity than the
plains to the east because of its locality close to the foothills. Thunderstorms initiated over
the foothills usually intensify as they move eastward into the more humid and unstable air
mass over the eastern plains of Colorado. Tornado formation over RFETS is very unlikely
(Kaiser-Hill, 1995). The thin, dry atmosphere results in wide diurnal temperature ranges,
with strong daytime warming and nighttime cooling. Temperatures are generaily moderate,
but short periods of exceptionally warm or cold weather resulting from incursions of hot
southwestern desert or frigid Canadian air masses are possible during the mid-summer and
mid-winter months. Temperature ranges, averages, and extremes for the Site in 1994 are

presented in Table 2-1 (Kaiser-Hill, 1995).

High-wind eventé, known as chinooks, are common along the Front Range during the winter
and early spring months. Wind gusts will typically exceed 70 miles per hour (mph) several
times in a normal year. In the strongest gusts, winds have exceeded 100 mph. Wind
directions most frequently are from the west-southwest through northerly directions, with the
strongest gusts originating from the west-northwest and west. Wind speeds above 18 mph
occur primarily with westerly winds and, to a lesser extent, northerly winds. A summary of
1994 wind directions and wind-speed frequencies measured at a 10-meter height at the Site is
provided in Table 2-2 and is shown graphically by a wind rose diagram in Figure 2-1 (Kaiser-

Hill, 1995).
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Table 2-1. Summary of Meterological Data for 1994

1994 Annual Climatic Summary
Temperatures (°F)
Extremes Mean Dew Mean. Rel.
Month High Low Average  High Date  Low  Date Point("f)  Humidity (%)
January 46 185 316 60.1 23 54 31 10.4 452
February 440 147 29.4 61.0 16 2.6 8 128 55.0
March 54.3 254 399 68.7 14 5.7 (] 19.8 513
Agpril 56.7 31.3 44.0 783 23 181 5 28.0 61.1
May 724 437 58.1 87.3 30 320 2 40.1 54.8
June 84.7 51.8 68.3 101.0 26 387 9 41.1 451
July 85.3 52.8 69.0 94.1 10 424 78 436 458
August 84.8 §5.3 70.1 95.0 6 49.1 20 477 514
September 78.1 48.2 63.1 90.1 10 244 22 348 341
October 61.1 36.1 48.6 753 1" 26.0 30 30.4 50.8
November 46.7 224 4.6 ' 68.8 7 8.7 19 16.8 50.2
December 47.0 211 340 66.0 1 40 31 1.7 397
Annual 63.3 35.1 49z 101.0 6/26 5.4 1131 28.1 487
Wind Speed (mph) Atmos. Pressure Solar Total °
Month Mean Peak Mean (mb} kW ym’
January 12.8 85.4 810.9 Bt
February 10.7 948 807.8 1013
March 89 720 811.4 145.2
April g.1 67.3 810.8 137.8
May 8.9 87.0 812.9 201.2
June 84 427 814.4 2249
July : 76.9 8168 2015
August 8.6 62.2 8177 171.9
September 8.7 56.4 816.7 152.7
October 9.4 61.4 811.7 118.6
November 10.0 755 808.1 93.0
December 95 934 811.2 71.0
Annual 95 - 94.8 8125 1417
Precipitation (inches) Number of Days
Max, Min.
Daily 15-Min. Snowfal Precip. Temp. Temp.
Month Total Max. Date Max. Inches 20.10" >90°F Q2F
January 0.45 0.2 26 0.0 75 00 0.0 30.0
February 0.76 04 28 0.0 94 3.0 0.0 27.0
March 1.05 0.4 28 0.0 1.5 40 00 240
Aprit 246 0.5 25 0.1 245 70 0.0 18.0
May 1.37 04 13 0.2 5.0 00 10
June 1.12 04 22 0.1 4.0 9.0 0.0
July 0.4 0.1 31 0.0 1.0 9.0 0.0
August 1.51 06 10 03 50 8.0 0.0
September 0.68 0.5 21 0.1 5.0 20 20 20
October 0.96 04 17 0.1 30 20 0.0 70
November 1.08 0.4 8,13 0.2 18.0 40 0.0 27.0
December 0.16 0.0 6 0.0 1.5 00 0.0 28.0
Annual 12.0 0.6 8/10 0.3 90.4 370 28.0 165.0
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Table 2-2. Wind Data Summary for 1994

Site Wind Direction Frequency (Percent) by Four Wind-Speed Classes
{15 - Minute Averages - Annual 1994)
Caim
<0.5m/s 05-25m's 25-40 m/s  4.0-8.0m/s) >8.0ms
(stimph)  (11-56 mph) (5.6-9.0mph)  (9.0- 18 mph) (>18 mph) Total %
22
N . 1.55 2.60 2.57 0.15 6.87
NNE . 1.63 2.24 1.55 0.14 . 553
NE . 1.36 1.85 0.87 0.02 410
ENE . 142 1.41 0.48 0.0t 332
E . 127 162 0.49 0.02 3.40
ESE - 1.42 1.94 0.68 0.01 4.05
SE . 166 232 0.82 0.02 4.82
SSE . 1.40 21 1.70 0.22 543
S . 1.59 203 1.54 0.13 529
SSW - 1.67 2.08 1.52 0.10 537
SW . 150 203 2.25 0.22 6.00
wsw . 1.79 2.94 3.32 095 9.00
w 2.00 246 269 3.00 10.15
WNW . 1.88 233 4.00 3.82 12.03
NW . i 1.49 200 2.35 0.53 6.37
NNW 1.35 2.21 2.51 0.10 617
TOTALS 2.20 24.98 34.14 29.34 9.44 100.00
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2.2 GEOLOGY

At an elevation of 6,000 feet above mean sea level, RFETS is located on the Colorado High
Plains approximately two to six miles east of the Front Range mountain front. Geologic units
at RFETS can be grouped into two general categories: unconsolidated Quaternary surficial
deposits and underlying consolidated Cretaceous bedrock (EG&G, 1995b). Figure 2-2 is a
generalized geologic cross section that illustrates the surficial and bedrock materials within

each group.

Prior to the deposition of Quaternary surficial deposits, the gently eastward-dipping
Cretaceous-age bedrock in the Rocky Flats area was subjected to erosion that produced a
broad, flat erosional surface (a peneplain). During the Pleistocene, this bedrock surface was
subsequently overlain by a blanket of alluvial fan deposits, known as the Rocky Flats
Alluvium, that were derived from Coal Creek Canyon (EG&G, 1995b). Headward erosion
by westward progressing drainages has since incised both the Rocky Flats Alluvium and the
underlying bedrock peneplain. Approximately half of the surface area covered by RFETS
has been incised, removing the Rocky Flats Alluvium. In most areas, these erosional
surfaces have been subsequently covered by stream sediments or colluvium. A summary of
the stratigraphic profile is presented in the following sections. Younger units are described

first, followed by progressively older, deeper units.
2.2.1 Unconsolidated Deposits

The surface of RFETS is covered almost entirely by an extensive layer of unconsolidated
Quaternary deposits consisting of Holocene colluvium and valley-ﬁli alluvium, and
Pleistocene Rocky Flats Alluvium. Holocene slump and landslide material are also present
locally on valley slopes and indicate that mass movement is an important, albeit slow,

erosional agent in areas of RFETS.
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Colluvial deposits, which are present on the valley slopes in the central portion of RFETS,
were derived from geologic material exposed on the steep slopes and topographic highs and
were formed by slope wash and downslope creep. The colluvium ranges in thickness from 0
to 20 feet, with the thickest sequences occurring at the base of the valley slopes. The
colluvium is composed of clay, clayey gravels, and lesser amounts of sand and silt. Slump
and landslide deposits were derived from the colluvium and Rocky Flats Alluvium, and are
most common on valley slopes along the Rock Creek and Walnut Creek drainages in the
northern portion of RFETS. Valley-fill deposits were fluvially-derived from upstream
materials, and consist of clay, silt, and sand with lenses of gravel. These deposits occur
along the drainage bottoms in and adjacent to stream beds, and are most common in the
eastern portions of RFETS. Thicknesses range from 0 to 25 feet (EG&G, 1995b).

Pleistocene deposits consist primarily of the Rocky Flats Alluvium, which is the most
prevalent unconsolidated surficial deposit at RFETS. The Rocky Flats Alluvium ranges in
thickness from O to 100 feet and forms a broad layer that extends across most of the western
portion of RFETS (EG&G, 1995b). The deposit is comprised of poorly sorted, clayey
gravels, and sands with abundant cobble and boulder-sized material and discontinuous lenses
of clay, silt, and sand. Caliche, a pedogenic deposit of calcium carbonate, is found
discontinuously in the Rocky Flats Alluvium, but tends to be better developed and more
abundant from the western end of the Industrial Area (IA) eastward to the margin of the
Rocky Flats Alluvial Fan. Significant quantities (up to 25 to 80% by volume) of caliche are
present in some stratigraphic intervals of the Rocky Flats Alluvium (EG&G, 1995b). Caliche

horizons are most commonly encountered within 10 feet of the ground surface.
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2.2.2 Consolidated Bedrock Deposits

The unconsolidated surficial deposits unconformably overlie the claystone, siltstone, and
sandstone bedrock of the Upper Cretaceous Arapahoe and Laramie Formations. The
Arapahoe Formation ranges from 0 to 50 feet thick at RFETS and has been shown to contain
a mappable, but discontinuous, fine- to medium-grained basal sandstone unit. This unit has
been designated the Arapahoe (or Number 1) Sandstone (EG&G, 1995b) and is known to
subcrop beneath the Rocky Flats Alluvium and Colluvium in the 903 Pad, East Trench, and
other areas of the eastern IA. It consists primarily of an argillaceous, fine- to medium-
grained, locally conglomeratic, moderately- to poorly-sorted sandstone that ranges in
thickness from O to less than 50 feet (EG&G, 1995b). Calcite cement, found in some deeper

Laramie Formation sandstone layers, is absent in the Arapahoe Formation Sandstone.

The Arapahoe Formation Sandstone is the uppermost sandstone of significant lateral extent,

and has been shown to be a pathway for lateral transport of contaminated groundwater.

The Laramie Formation conformably underlies the Arapahoe Formation and is approximately
600 to 800 feet thick. The Laramie Formation is subdivided into two members. The upper
member of the Laramie Formation is 500 to 600 feet thick and consists primarily of massive
claystone, and siltstone. The lower member is about 300 feet thick and is composed of
sandstones, claystones and coal beds. The upper member is generally much finer-grained
than the lower member, but contains several separate and discontinuous clayey sandstone
units historically designated as the No. 2 through No. 5 Sandstones (EG&G, 1995b). Unlike
the Arapahoe Formation sandstone, these sandstone units exhibit lithologic and hydrologic
characteristics (i.e., high matrix clay content and low permeability) that are not indicative of
groundwater flow pathways. These lenticular Laramie Formation sandstones are texturally
distinct from the Arapahoe Formation sandstone by virtue of their high silt and clay content
(EG&G, 1995b).
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The Upper Cretaceous Fox Hills Sandstone conformably underlies the Laramie Formation
and ranges from 90 to 140 feet in thickness. In general, the Fox Hills Sandstone is a very
fine- to medium-grained, angular to subrounded, well-sorted silty sandstone. The Fox Hills .
Sandstone is an aquifer of regional significance, which lies at a depth of 700 to 800 feet
below ground surface at RFETS. Underlying the Fox Hills Sandstone are several thousand
feet of the Lower Cretaceous Pierre Shale and older units (EG&G, 1995b).

Lithologic logs from boreholes drilled into bedrock indicate the presence of a weathered zone
in the upper portion of the bedrock. Fracturing and weathering increase the permeability of
bedrock material. The weathered zone is commonly less than 15 feet thick, but may be as
thick as 60 feet. The thickness of the weathered bedrock zone is dependent on factors such as
relative abundance of fractures, lithology, elevation relative to the water table, and proximity

to valley bottoms.
2.2.3 Structural Features

The bedrock strata exposed immediately west of RFETS has been folded into steeply
eastward-dipping exposures of the Fox Hills Sandstone and Laramie Formations. These units
receive recharge from precipitation along the exposed hogbacks northwest and southwest of
RFETS. The formations also receive recharge from the overlying Rocky Flats Alluvium and

Arapahoe Formation.

Small-scale structural features such as joints and fractures are present in the bedrock units.
Joint and fracture surfaces are commonly coated with secondary iron and manganese oxides
and hydroxides in the weathered portion of the bedrock units. Slickensides are also present
on some fracture surfaces. The presence of such features increases secondary porosity and
permeability and indicate that groundwater flow is probably enhanced in the weathered
portion of the bedrock. Several bedrock faults have been identified in the RFETS IA;

however none have been observed to offset alluvial materials (EG&G, 1995b). The available
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hydrogeologic and geochemical data indicate that fractures and faults are not significant
conduits for downward vertical groundwater flow to the Laramie-Fox Hills deep aquifer

(RMRS, 1996).
2.3 HYDROGEOLOGY
2.3.1 Hydrostratigraphy

Shallow groundwater flow systems at RFETS have been categorized into two
hydrostratigraphic units based on contrasts observed between groundwater geochemistry,
core logging, and hydraulic conductivity determinations (EG&G, 1995¢). This division
basically reflects the relative degree of hydrologic activity experienced by the units - the
uppermost unit being the more active and transmissive of the two. The upper
hydrostratigraphic unit (UHSU) consists of the distinct lithologic units of the Rocky Flats
alluvium, colluvium, valley-fill alluvium, landslide deposits, weathered Arapahoe and
Laramie Formation bedrock, and any sandstone units within the Arapahoe and Laramie
Formations that are in hydraulic connection with the overlying unconsolidated surficial
deposits or with the ground surface. The lower hydrostratigraphic unit (LHSU) is composed
of the unweathered bedrock of the Arapahoe and Laramie Formations. This unit forms a
thick (several hundred feet), regionally extensive confining layer that serves to isolate shallow

groundwater from the underlying Laramie-Fox Hills aquifer (RMRS, 1996).
2.3.2 Groundwater Occurrence and Flow Conditions

Groundwater is found in all geologic units present at RFETS, although not always in
predictable amounts and availability. In UHSU deposits, the quantity of water in storage at
anyi particular locality varies widely and is a function of bedrock topography, proximity to
drainages, seasonality, and local sources of recharge. The saturated thickness of UHSU

alluvium is greatest in the western portion of RFETS (>40 feet) and thinnest along hillsides
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and in the eastern portion of the site. Areas of thin saturation commonly contain regions of
discontinuous, seasonally-unsaturated alluvium due to irregularities in bedrock topography
and water table fluctuations. Depth to shallow groundwater varies anywhere from 0 feet at
flowing seepage areas to 70 feet at the west end of the Site. The depth to water is generally
shallowest in areas of thinner surficial deposits, such as the IA, margins of the Rocky Flats
Alluvium, and creek drainages. Average depth to water and saturated alluvial thickness at the

903 Pad and Lip Area is on the order of 10 and 5 feet, respectively (EG&G, 1995c¢).

Seasonal fluctuations in shallow groundwater levels are observed in monitoring wells across
the Site and normally range from 3 to 6 feet (EG&G, 1995c). Larger annual fluctuations
have been recorded at several locations in and adjacent to the IA, with some wells exhibiting
water level rises of over 10 feet. Well hydrographs indicate that water levels normally peak
in May or June shortly following the spring rain season. Hydrographs of many older Rocky
Flats Alluvium wells (installed 1986 and 1987) indicate that base water levels over the past
decade have generally declined 1 to 5 feet, possibly as a result of changes in water

management practice at the plant.

In a broad sense, the dramatic response of groundwater levels measured in many UHSU wells
during the spring and early summer of 1995 was as noteworthy, though less apparent, as that
observed for surface flow conditions. Record high water levels were recorded in many wells
during and following the exceptionally wet spring of 1995. Water level rises in the range of
15 to 20 feet were observed in some wells located in the IA, East Trenches, and eastern
Buffer Zone (BZ) Areas. Flowing artesian well conditions were noted at several well points
that monitor seeps at the Solar Pond and southern IA. The rapid rate of decline observed in
some well hydrographs was almost equal to the rate of rise, suggesting that lateral subsurface

drainage was rapid and probably more extensive than expected in normal years.

The magnitude of these rises, when compared to ground surface elevations, indicates that a

condition of temporary, complete to near-complete saturation (groundwater flooding)
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probably formed locally in areas of thin to moderately thick surficial deposits. In areas of
recharge, such as all upland areas occupied by the Rocky Flats Alluvium and the majority of
colluvium-covered hillslopes, the presence of saturated conditions indicates that the capacity
of the geologic material to accept and transmit recharge water has been exceeded. The
direction of soil water movement recharged from incident precipitation and runoff is initially
downward until it reaches the water table and is transported laterally to a point of discharge.
In comparison, groundwater discharge areas, such as hillside and stream channel seeps, are
typified by saturated conditions that result in groundwater contact with surface soils. The
potential significance of these two very different flow regimes on surﬁciél and shallow
subsurface soil actinide remobilization is reviewed in Section 2.3.4 and the Conceptual Model

(Section 9).

The geology of the area exerts a controlling influence on groundwater flow due to the
existence of sharp lithologic contrasts in the vertical distribution of geological materials
(coarse-grained surficial deposits underlain by fine-grained bedrock) and the resulting
bedrock topographic surface configuration. The predominantly claystone bedrock impedes
the downward vertical migration of groundwater and directs flow laterally through the
unconsolidated surficial and weathered bedrock materials. Groundwater flow tends to follow
the bedrock surface and emerges as seeps, drain into the hillside colluvium, or migrates
vertically into permeable subcrbpping sandstone units. In thinly-saturated areas, the bedrock
surface plays a critical role in directing groundwater flow and, where locally high, in the
development of unsaturated zones in unconsolidated surficial deposits. Groundwater in the
UHSU regionally flows eastward from broad areas of recharge (located upgradient and on
nearby topographic highs) toward the erosional limit of the Rocky Flats Alluvium, and then
directly toward creeks in the drainage bottoms. After groundwater enters the valley-fill
alluvium from the hillslopes, it flows eastward in the direction of stream flow and exits the

site at the RFETS east boundary (Indiana Street).
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2.3.3 Hydraulic Conductivities

-In general, the UHSU at RFETS has a low to moderate hydraulic conductivity and typically
yields small amounts of water to monitoring wells. Hydraulic testing of the well§ indicates
that the UHSU exhibits a wide range of hydraulic conductivities because of the diverse nature
of the individual geologic materials that comprise the unit. Values of hydraulic conductivity
range from as high as 5 x 10” centimeters per second (cm/sec) in localized areas of the
valley-fill and Rocky Flats Alluvium, to as low as 7 x 10”® cm/sec in the clay lenses of the
Rocky Flats Alluvium (EG&G, 1995c). Hydraulic conductivities in the weathered bedrock
portion of the UHSU range from 9.2 x 10° to 3 x 10" cm/sec - the highest values being
associated with the Arapahoe Formation Sandstone and the lowest values being associated
with weathered claystone bedrock. Colluvial deposits indicate a range of 9.3 x 10* t0 4.0 x
10 cm/sec. Average values, calculated as geometric means, are 4.3 x 10”° cm/sec for the
colluvium; 2.1 x 10* cmy/sec for the Rocky Flats Alluvium; and 2.5 x 10® cm/sec for the
valley-fill alluvium in Woman Creek and Walnut Creek, respectively (EG&G, 1995c¢).

Hydraulic conductivities of LHSU materials are significantly lower than those of the
overlying unit, with values ranging from 10° to 10® cm/sec in the unweathered claystone
bedrock. Discussion of LHSU hydraulic conductivities is présented in more detail in RMRS
(1996).

2.3.4 Groundwater Interaction with Surface Water and Soils

As described later in Section 5.0, the importance of groundwater as an actinide transport
medium is limited to areas of contact with soils and surface water that contain actinide levels
which gxceed RFCA action levels. Groundwater is in direct connection with these media
only immediately downgradient of areas where the water table intersects the ground surface.
This requirement is met at hillside seeps and along stream beds containing valley-fill alluvial

deposits such as depicted in Figure 2-3.
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The pattern of seep distribution confirms that seep occurrence is controlled by local geologic
conditions. Hillside seeps at RFETS are common along the eastern extent of the Rocky Flats
Alluvium where the contact between the Rocky Flats Alluvium and underlying claystone
subcrops along the upper margin of stream drainage valleys. In general, seeps occur in
greater number and areal extent along the north side of the pediment ridges, as observed
along South Walnut Creek and Rock Creek. Most seeps are ephemeral in nature and only
discharge at the ground surface in the spring. Perennial seeps are relatively rare, with most
located in the Rock Creek drainage. Groundwater seepage also occurs along segments of the
Woman Creek stream channel, particularly above the Woman Creek stream diversion
structure at Pond C-2, as determined from a stream gain/loss study (Fedors and Warner,
1993). The stream channels of North and South Walnut Creeks are so extensively interrupted
by impoundments that channel seepage measurements have not been attempted nor are they

expected to yield meaningful data.

Seep flow data are generally unavailable due to difficulties inherent with measuring broad,
diffuse sources of discharge. The results of an incomplete seepage inventory conducted after
the 1995 spring recharge event in portions of the Woman, Walnut, and Rock Creek
watersheds revealed that, of over 200 potential seep areas indicated by wetland vegetation,
only 32 had a measurable flow and, of these, 14 had flows of 1 gallon per minute or less.
The remaining sites were moist to wet at the ground surface with little or no evidence of
surface flow. Given the magnitude of the spring recharge event as reflected by sitewide high
water table conditions, it is likely that seep flows measured during this time were at or near
maximum levels. It was commonly observed during this survey that surface flow from many
ephemeral hillside seeps percolate back into the soil below the discharge point before entering
a surface water body. Direct contact with surface water may occur during exceptionally wet
periods as a result of increased seep flow caused by abnormal water table rises or by mixing

with surface runoff.
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The most common type of seep develops at the contact between the Rocky Flats Alluvium
and underlying bedrock claystones. These seeps are thought to be related to preferential flow
channels in bedrock surface topography and/or alluvial stratigraphy (high hydraulic
conductivity zones) (EG&G, 1995c). In the 903 Pad and East Trenches Areas, some seep
occurrences have been attributed to discharge from the subcropping Arapahoe Formation
sandstone which receives recharge from the overlying surficial deposits (EG&G, 1995c¢).

The most notable sandstone seeps in this area include a grouping of seeps situated above the
B-1 pond in the South Walnut Creek drainage and the 903 Pad Hillside seep located at the

soil study area in the Woman Creek drainage.

Examination of the most recent sitewide seep location map (EG&G, 1995c, Plate 9) indicates
that there are fewer seeps in the 903 Pad and east BZ Areas relative to adjacent hillslopes
located to the west and north. Along the north slope of Woman Creek from the 903 Pad
eastward to Indiana Street, evidence of present-day seep activity is limited primarily to the
903 Pad hillside seep and potentially a few scattered small seeps. Periodic activation of a
series of presumably old seepage sites located east of the 903 Pad have occurred from historic
spray evaporation operations conducted at the South Spray field; however, these sites have
since returned to a dry state following cessation of spray field operations. As shown on
Figure 2-3, sites for groundwater interaction with surficial soils and surface water are both
limited in extent and predictable bésed on the high degree of hydrologic control exerted by

the local geology.

Groundwater discharge to surface water is presumed to occur along major stream channels
although relatively little information is available to evaluate the significance of this
interaction. Stream gain/loss studies conducted along Woman Creek (EG&G, 1995¢) have
indicated that the flow regime in the upper reaches of the creek (west of confluence with
Antelope Springs Creek) tend to be predominantly gaining while the lower reaches (east of
Antelope Springs Creek) tend to be predominantly losing. The presence of gaining segments

found just upstream of Ponds C-1 and C-2 suggest that these impoundments exert a local
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influence on groundwater discharge to surface water in the alluvium. Similar relationships
are suspected to occur in the Walnut Creek drainage, but to an unknown degree because
gain/loss stream flow data is lacking in this area. It can be assumed, however, that
groundwater/surface water interactions are potentially more complex in North and South
Walnut Creeks owing to the influence of plant discharges and a more extensive system of

ponds and other stream channel modifications.

2.4 SURFACE WATER HYDROLOGY

Streams and seeps at RFETS are largely ephemeral, with stream reaches gaining or losing
flow depending on the season and precipitation amounts. Surface water flow across
RFETS is primarily from west to east, with three major drainages traversing the site.
Fourteen detention ponds (plus several small stock ponds) collect surface water runoff,
although only ten ponds require active management. Descriptions of the Site drainages and
detention ponds, including their respective interest to this report, are contained below and

shown in Figure 2-4.

2.4.1 Rock Creek

The Rock Creek drainage covers the northern portion of the RFETS BZ. The drainage
channel is characterized by flat areas to the west, several small stock ponds within the
creek bed, and multiple steep gullies and stream channels to the east. This basin is
topographically isolated from the developed areas - it receives no runoff from IA and
contaminant transport by surface (or subsurface) processes is not suspected. Analytical

data for Rock Creek is not presented in this report.
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2.4.2 Walnut Creek

Walnut Creek drains the central third of RFETS, including the majority of £he IA. It
consists of several tributaries (McKay Ditch, No Name Gulch, North Walnut Creek, and
South Walnut Creek) which join prior to leaving RFETS at the eastern boundary (Indiana
Street). East of Indiana Street, Walnut Creek is diverted by the Broomfield Diversion
Ditch around Great Western Reservoir and into Big Dry Creek. The Walnut Creek

tributaries, from north to south, are described below:

McKay Ditch - The headgates for this ditch are located at Coal Creek,
approximately three miles west of the IA. Flow is typically present only during
spring runoff and during City of Broomfield water transfers to Great Western
Reservoir. McKay Ditch does not receive runoff from the IA and analytical data

from this drainage are not discussed in this report.

No-Name Gulch - This drainage is located downstream from the RFETS sanitary

landfill. Runoff from the IA does not flow into this basin; analytical data from this

area are not discussed in this report.

North Walnut Créek - Runoff from the northern portion of the IA flows into this
drainage, which has four detention ponds (Ponds A-1, A-2, A-3, and A4). Ponds
A-1 and A-2 are kept off-line and maintained for emergency spill control; water
levels in these ponds are controlled by evaporation or transfer. Pond A-1 also
receives water pumped from the Landfill Pond roughly once per year. North
Walnut Creek flow is diverted around Ponds A-1 and A-2 to Pond A-3, where water
is held and settling of solids occurs. Pond A-3 is transferred in batches to the A-
series “terminal pond,” Pond A-4, which also receives water transferred from Pond

B-5. Once filled to a predesignated level, Pond A-4 water is isolated, sampled and
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released if water quality standards are met. These offsite discharges, each averaging
approximately 14 million gallons (43 acre-feet), typically occur 8 to 10 times per

year.

“The average annual discharge to North Walnut Creek is approximately 119 acre-feet
(39 million gallons). The average mean daily flow rate in North Walnut Creek (at
station SW093), from October 1992 through April 1997, was 0.16 cubic feet per
second (cfs) and the maximum mean daily flow rate during this period was
approximately 9 cfs. The combined capacity of the North Walnut Creek detention

ponds (A-series ponds) is approximately 52 million gallons (160 acre-feet).

South Walnut Creek - Runoff from the central portion of the IA flows into this
drainage, which has five detention ponds (Ponds B-1, B-2, B-3, B4, and B-5).
Ponds B-1 and B-2 are kept off-line and maintained for emergency spill control;
water levels in these ponds are controlled by evaporation or transfer. Pond B-3
receives effluent from the RFETS Waste Water Treatment Plant (WWTP) and flows
into Pond B-4. South Walnut Creek flow is diverted around Ponds B-1, B-2, and
B-3, into Pond B4, which flows continuously into terminal pond Pond B-5. After
filling to a predesignated level, Pond B-5 is pump transferred in batches of
approkimately 9 million gallons to Pond A-4 (8 to 10 times per year), which is

discharged offsite as described above.

The average annual discharge to South Walnut Creek, including effluent from the
sitt WWTP, is approximately 258 acre-feet (84 million gallons). The average mean
daily flow rate measured in South Walnut Creek (at station GS10), from October
1992 through April 1997, was 0.12 cfs and the maximum mean daily flow rate
during this period was approximately 5 cfs. The combined capacity of the South
Walnut Creek detention ponds (B-series ponds) is approximately 27 million gallons

(83 acre-feet).
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2.4.3 Woman Creek / South interceptor Ditch (SID)

South of the IA is the Woman Creek / South Interceptor Ditch (SID) system. Descriptions .

of these drainages are provided below:

SID - Surface water runoff from the southern portion of the IA is captured by the
SID, which flows from west to east into Pond C-2. After 1983, Pond C-2 was
pump discharged to the Broomfield Diversion Ditch after reaching a predesignated
level. Water from Pond C-2 is now sampled and, if surface water quality standards
are met, pump discharged into Woman Creek which flows east off the site to the
Woman Creek Reservoir. These offsite discharges, averaging approximately 11

million gallons (33 acre-feet), typically occur once per year during the winter.

There is frequently no flow in the SID. The average mean daily flow rate (at
station SW027), from October 1994 through April 1997, including the periods of no .
flow, was 0.05 cfs and the maximum mean daily flow rate during this period was

approximately 6 cfs.

Woman Creek - South of the SID is Woman Creek, which flows through Pond C-1
and offsite at Indiana Street. The Woman Creek drainage basin extends eastward
from the base of the foothills, near Coal Creek Canyon, to Standley Lake. Woman
Creek currently flows into the Woman Creek Reservoir, where it is held for
eventual pumping to the Broomfield Diversion Ditch. The average annual yield of
the basin is approximately 341 acre-feet (111 million gallons). The average mean
daily flow rate in Woman Creek (at Indiana Street), is 0.47 cfs and the maximum

mean daily flow rate during this period was approximately 76 cfs.
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2.4.4 Other Drainages

The D-series Ponds (D-1 and D-2) are located on the Smart Ditch, located south of Woman
Creek. Smart Ditch is hydrogeologically isolated from the RFETS IA, however, Smart
Ditch does collect surface water runoff from surface soils with low levels of wind-blown

radionuclide contamination. This drainage and these ponds are not discussed in this report.
2.5 ACTINIDE SOURCE AREAS AT RFETS

This section presents a summary of actinide source areas at RFETS, including the 903 Pad
and Lip Area, the Sludge Dispersal Area, Solar Ponds and the Old Landfill and Ash Pits.
Data contained in the Historical Release Report (DOE, 1992 and yearly updates) was used to
compile the following summary of actinide source areas at RFETS. A summary of sampling

events used to identify potential source areas is listed in Appendix C.

Plutonium and Americium in the 903 Pad Area

The main source of plutonium and americium in the environment at RFETS is the former
drum storage area known as the 903 Pad with lesser contributions from the 1957 and 1969
fires (Meyer et al., 1996). The majority of plutonium and americium is associated with
surface soils (0 to 6 inches {0 to 15 cm}). The distribution of plutonium and americium in
surface soils is shown in Figures 4-1 and 4-2. The plutonium and americium contamination
of the 903 Pad and Lip Area and the soils to the east and southeast of the 903 Pad,
extending to east of Indiana Street, were generated during a combination of high wind
events and earth moving activities in the period from 1967 through 1969. Inventory
removal of the 903 Drum Storage Area began in January of 1967 and continued until mid-

1968. The asphalt pad was placed on the former drum storage area in November 1969.
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The Rocky Flats Plant 903 Area Characterization Final Report (Meyer et al., 1996)
evaluated and summarized the history of the 903 Pad and Lip Area and correlated air
monitoring results with wind events and physical disturbances of the 903 Pad soils. They
concluded that “the significant airborne plutonium releases from the 903 Pad Area appear
to be associated with a relatively few events, most likely high winds following mechanical
disturbances” (Meyer et al., 1996). Covering the 903 Pad with fill and asphalt did not
completely eliminate airborne contamination, although air concentrations were greatly
reduced. Areas of soil outside of the pad were contaminated to a lesser extent than the
primary 903 area, but remained subject to wind erosion. This “secondary resuspension”
has been a significant relative source of offsite air contamination since 1970, and is
discussed in some detail in Rope, et al. (1997). The hottest areas were removed through

several projects in the 1970s.

Plutonium in surface soil has shown little redistribution over the years since the initial
contamination in 1968-1969, but evidence has not ruled out that some local redistribution
has re-occurred. Webb et al. (1996) demonstrated that plutonium concentrations and total
deposition (from RFETS) decrease rapidly with distance from the 903 Pad and with
deviation in direction from due east of the 903 Pad (Rope et al., 1997).

Sludge Dispersal Area

THSS 141, the "sludge dispersal area" is located just west of the original east perimeter
road, and consists of the former sewage sludge drying beds and related surface soil
contamination. The beds were not lined, and excess liquid from the sludge could come in

direct contact with the underlying soil.

Many times in the 40-year operation of sludge beds, sludge overflowed the beds and

traveled overland down toward South Walnut Creek. Wind dispersion of plutonium-
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contaminated sludge also occurred, predominantly to the east of the beds. Walls and roofs
were installed on the drying beds in 1994 reducing the potential for dispersal. Neither of
these mechanisms is expected to contribute much plutonium to the environment. The
potential for contamination of the soil and groundwater beneath the beds was considered

high (DOE, 1992), prior to two studies confirming minimal impact (EG&G, 1991).

During the Operable Unit (OU) 6 investigation, activities of americium and plutonium were
frequently detected above background screening levels at both IHSS 141 and 165, "the
Triangle Area" (EG&G, 1996). This area was used to store drums containing plutonium
residues, dilute nitric acid (few drums), and fire waste from the May 1969 plutonium fire.
The contents of the drums were recoverable plutonium-bearing wastes and residues (DOE,
1992). Plutonium contamination of the surface soil at [HSS 165 occurred many times, each
time, the affected soil was usually removed, or at a minimum, covered with gravel; the
whole area was covered with gravel several times. The area was significantly disturbed in
1981 when the Perimeter Security Zone was constructed. The IHSS 165 area was cut to

accommodate the fence.

Solar Ponds

Uranium was handled at RFETS beginning in 1952. Liquids containing plutonium
solutions, uranium nitrate and other salts of plutonium and uranium from processing were
pumped to the Solar Ponds beginning in 1953 and continuing until 1986. Increasing levels
of uranium and nitrate in groundwater around the Solar Ponds were noted in seeps at the
pond edge in 1954. By 1970, nitrate contamination was noted in North Walnut Creek
downgradient of the Solar Ponds. A number of small trenches were installed in the 1970s
to mitigate the contamination seeping from the ponds. An interceptor trench system (ITS)
keyed into bedrock (in most areas) was installed in 1981 to collect groundwater

downgradient from the Solar Ponds. All evaporation sludges were removed from the Solar
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Ponds in 1986 through 1995. The ponds are now empty except for occasional rainfall

capture.

Original Landfill and Ash Pits

The Original Landfill was used to dispose of planf non-combustibles from 1951 to 1968.
Depleted uranium was disposed of occasionally and turnings are occasionally found on the
ground surface (Jerry Anderson, personal communication, 1997). Uranium contaminated
ashes from the plant security incinerator (destruction of classified paper) were also disposed

of in the Original Landfill.

The Ash Pits located west of the Original Landfill were used to dispose of ashes from the
plant incinerator. Prior to.August 1968, all non-contaminated, non-classified combustible
waste were sent to the incinerator. Because of the relatively low hazard from low levels of
‘contamination with depleted uranium, dry combustibles (Kim-wipes, clothing, etc.) were
considered non-contaminated and were incinerated; conversely, uranium was oxidized in

the chip roaster, not in the incinerator, and the waste was disposed of offsite.

Trench T-1

Approximately 125 drums of depleted uranium machine turnings were disposed in Trench 1
(T-1) from 1954 until 1962. The trench was covered with 2 feet of soil as the drums were
placed. There is no evidence that T-1 is a source of surface soil (wind blown) or
groundwater uranium contamination (RMRS, 1997). Lesser amounts of depleted uranium
were likely disposed in other trenches on the east side of the plant, however, there is no
evidence that these trenches are a source of wind-blown or groundwater uranium

contamination.
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East Trenches

There are 10 waste burial trenches located outside the inner east gate that were used
sequentially between 1954 and 1968. The primary waste stream was plutonium and
uranium-contaminated sanitary sewage sludge. Other miscellaneous plutonium and
uranium waste was also disposed of. Each trench remained open for approximately 1 to 2
years. While each was open, the potential existed for wind-borne resuspension; however,
the likelihood of contaminant spread was low because the waste was below grade. Now
that the trenches are covered and usually above the groundwater table, contaminant

migration potential is low.

2.6 PREVIOUS ACTINIDE MIGRATION STUDIES AT RFETS

A number of actinide migration studies have been conducted at RFETS. These studies are
summarized below and discussed further in the document as they pertain to a particular
environmental media.
o Colorado Department of Public Health and Environment, 1994. The Rocky Flats
Dose Reconstruction Project, Phase II Toxicity Assessment and Risk
Characterization, Radiological Assessments Corporation.
o Hayden et al. 1975 Particle Size Distribution of Plutonium on Soil Surface in
Rocky Flats East Buffer Zone. Rockwell International, Compiled September 26,
1975. This study analyzed the spatial distribution of plutonium particles in RFETS
soil.
e Krey, P.W. and E.P. Hardy. 1970. Plutonium in Soil Around the Rocky Flats
Plant. HASL-235. Soil samples were collected to a depth of 20 cm at 33 sites
extending as far as 40 miles from RFETS and deposition concentrations of Pu-239

were plotted.
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e Krey, P.W. and E.P. Hardy. 1972. Plutonium Isotopic Ratios at Rocky Flats.
HASL-249. Mass spectroscopic analysis of plutonium recovered from soil samples
around RFETS was used to update plutonium inventories around RFETS.

e Litaor, M.I. Litaor’s work is compiled in Volume 13 of the Phase II RFI/RI
Report 903 Pad, Mound, and East Trenches Area, October, 1995 and in the Final
RFI/RI Report OU3 (Offsite Areas), June 1996. The spatial and vertical
distribution of PU-239/240, Am 2-41 and uranium isotopes was investigated to
assess the nature and extent of plutonium, americium and uranium in the soils of
the RFETS Buffer Zone and in offsite areas. This work included collection of 118
surficial samples; excavation and sampling of 26 soil pits in various distances and
directions from a contaminated site; installation of a soil water monitoring system
in five pits east of the 903 Pad; solid phase associations (speciation) using

- sequential extraction techniques; and rainfall simulation experiments.

o Little, C.A. and F.'W. Whicker. 1978. Plutonium Distribution in Rocky Flats Soil.
Health Physics 34:451-457. This report examines the patterns of plutonium
contamination in RFETS soil and describes data on plutonium concentrations in
soil, the relationship of éoncentration to location, depth and soil particle size and
the likely contamination mechanisms.

e Little, C.A., F.W. Whicker, and T.F. Winsor. 1980. Plutonium in a Grassland
Ecosystem at Rocky Flats. Journal Environmental Quality 9:350-353. This report
discusses how plutonium particles entrapped in the fine fraction of surface soils
were redeposited by wind transport.

e McDowell, L.M. and G.W. Whicker, 1978. Size Characteristics of Plutonium
Particles in Rocky Flats Soil. Health Physics, 35:293-2997 Soil was collected near
the 903 Pad and a large plutonium oxide particle was isolated and studied.

e Poet, S.S. and E.A Martell, 1972. Plutonium-239 and Americium-241
Contamination in the Denver Area. Health Physics 23;537-548. PU-239 was
measured in soils, surface water and sediments in offsite areas surrounding

RFETS to assess contaminant distribution.
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e Seed et al. 1971. Committee Evaluation of Pu Levels in Soils Within and
Surrounding USAEC Installation at Rocky Flats, Colorado, Dow Chemical
Company, RFP-INV-1. This report assesses the long-term potential hazard of .
plutonium contaminated soil under and around the 903 Pad.

e Webb et al. 1993. A Study of Plutonium in Soil and Vegetation at the Rocky Flats
Plant, p. 611-623. In Kathren et al. (eds) Environmental Health Physics
Proceedings, January 24-28, 1993. Coeur d’Alene, Idaho. The spatial distribution
of plutonium was measured in the environment east of RFETS. The study area
was centered on the primary plume of plutonium contamination in the area, which

mostly originated from the 903 Pad.
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3.0 THE GEOCHEMISTRY OF URANIUM, PLUTONIUM, AND AMERICIUM

This section reviews specific chemical reactions which determine the behavior of actinides in

the environment and discusses their origin, occurrence, and behavior at RFETS.

Actinides are transition elements with partially filled Sf electronic orbitals. The Sf orbitals
are screened from the chemical environment by higher lying s and p electrons, and this
screening produces strong similarities among the chemical properties of elements in the
group. The variation in chemical properties within the series is systematic and predictable,
and some properties of the heavier memberé of the series were predicted prior to discovery

(Seaborg and Loveland, 1990).

Chemical reactions which determine the behavior of actinides in the environment include
reduction/oxidation, precipitation and coprecipitation, formation of aqueous complexes,
sorption, and formation of finely divided particles (true colloids and pseudocolloids) (Allard
and Rydberg, 1983; Choppin, 1988; Dozol and Hagemann, 1993; and Silva and Nitsche,
1995). The major salient points related to the actinides of concern at RFETS (uranium,

plutonium, and americium) will be discussed below.
3.0.1 Reduction/Oxidation

A chemical reaction involving the loss of electrons is known as an oxidation reaction while
any reaction involving gain of electrons is known as a reduction reaction. Oxidizing agents
are materials that are reduced while taking on electrons driving oxidation reactions.

Reducing agents are materials that are oxidized while donating electrons to drive reduction

reactions.

Reduction and oxidation (redox) conditions strongly influence the environmental behavior of

actinides. The actinides assume a number of valences (Table 3-1), but redox conditions in
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natural systems are commonly buffered by reactions involving major constituents such as the .
degradation of water, reduction/oxidization of iron, or reduction of naturally occurring

organic matter.

Under common environmental conditions americium tends to occur primarily as Am(3), but
uranium partition among valences of 4 and 6, and plutonium between valences of 3, 4, 5, and
6 (Allard et al., 1983). The single major valence of americium simplifies the study of its
environmental behavior, but the more complicated behavior of plutonium and uranium
commonly drives researchers to extrapolate behavior from single valent actinides and

lanthanium group elements (lanthanides).

Table 3-1. Actinide Elements and Their Oxidation States

9 97 98 99 100 101 102 103
Cm Bk Cf Es Fm Md No VLr

At.Wt.. 8 90 091
Element Ac Th Pa

1?
¢) @ @ 2 2 2
3 3 0 3 3 3 3 3 3 3 3
4 4 4 4 4 @ @
S 5? 5?

From Katz et al. (1986); Bbld & underline valences are the most stable oxidation states;
Bracketed valences are unstable.

Actinides (generically designated M) in the 3, 4, 5, and 6 valences form M**, M*¢, MO, *,
and MO,?* cations respectively (Cleveland, 1979). The simple cations (M** and M**) inter-
convert rapidly; and the oxygenated actinyl ions (MO,* and MO,**) inter-convert rapidly, but

conversions between simple and oxygenated cations are relatively slow because they require .
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extensive changes to the linear dioxo structure before electron transfer can occur (Cleveland,

1979; Choppin, 1983).

This slow conversion can produce significant disequilibria in systems involving both types of
cations. Experiments in ponds at Oak Ridge, for example, showed that dissolved Pu(V)
could be reduced to Pu (II1+IV) by adding glucose to force the water anaerobic, but when
the system was reaerated Pu(V) returned to solution slowly, and at three months Pu(V)

remained at less than one fifth of the initial value (Watters, 1983).

Laboratory oxidizing and reducing agents also affect the redox state of actinides, and
experiments which use redox reagents to destroy major soil phases to establish the location of
the actinides must take these effects into account. Both Bunzl et al. (1995) and Litaor and
Ibrahim (1997), attempted to establish the relationship between plutonium and major soil
phases using strong reducing and oxidizing agents to destroy sesquioxides and organic carbon
respectively, but did not consider the effects of these agents on the redox state of plutonium
itself. This oversight renders their conclusions that organic matter and iron sesquioxides are
largely responsible for the affinity of soils for actinides a yet unproved hypothesis (Marty et
al., 1997a). Their conclusions contradict earlier work showing little effect on the affinity of
soils for actinides from the removal of organic matter and sesquioxides (Bondietti and

Tamura 1980)(except for the pentavalent valence; Table 3-2).

Table 3-2. Effect of Clay Treatment on Adsorption of Actinide Elements to

Miami Silt Loam Clay
Treatment CEC Percent adsorbed

meq/100 g  Th-234 IV). Cm-244 (II) U-234 (IV) Np-237 (V)
Intact soil 17 99.7 98.9 95.6 61.8
Organic matter removed 11 99.8 99.6 96.4 49.7
Fe and organic matter 9.9 99.7 95.6 99.1 18.2
removed

From Bondietti and Tamura (1980)
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3.0.2 Coprecipitation and Precipitation

Actinides entered the RFETS. environment primarily as reactive metals or in solution rather
than as slow reacting thermodynamically stable or metastable phases. The behavior of the
RFETS actinides, therefore, contrast in many respects with that of actinides deposited
following thermonuclear explosions (high-fired actinides), deposited following explosions of
high explosives (low-fired actinides), or deposited in the form of refractory wastes resistant to
nitric, hydrofluoric, and hydrochloric acid digestion. Actinides found in RFETS soils are not
undergoing rapid recrystallization, and their speciation and associations in the soils of RFETS

have not been conclusively determined (Marty et al.,1997a).

Actinide hydroxide/oxide have been observed to form discrete particles (precipitates) in some
areas of RFETS, but the observed abundances are not sufficient to account for the entire
plutonium inventory (McDowell and Whicker, 1978). Actinide hydroxides and oxides
precipitate from solution through a well characterized process which involves hydrolysis of
actinide ions in solution (Cleveland, 1979). The hydrolyzed actinides then form polymers of
various lengths (Cleveland, 1979; Clark,1994). The extent of polymerization depends on the
concentration of aqtirﬁdes in solution, and the reaction may not be easily reversible.
Polymerization of plutonium, for example, forms networks of Pu(OH), linkages, but as the
polymers age oxygen bridges increase in abundance, and the material begins to resist
dissolution even in concentrated nitric acid (Toth et al., 1983; Choppin, 1983). This resistance
may render simple solubility constants (K,) calculated for solid actinide hydroxides invalid
(Choppin, 1983) and can affect apparent distribution coefficients (K,) for systems containing
actinide hydroxides.
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/OH
[Pu(OH),]** + [Pu(OH),]** «> [(HO), ,Pu Pu(HO), ,J*“™ (Toth et al., 1983)

OH

Upon aging the hydroxyl bridges convert to oxo-bridges:

OH
/. O\
Pu “Pu™ > —Pu--O--Pu-" +H,0

N/
OH
3.0.3 Sorption

Sorption on geological materials is an important control on the environmental behavior of
actinides, and sorption reactions are one of the chief causes for the limited mobility of most
actinides in the environment. After 30 years of radioactive releases from the waste-water
treatment facility at Los Alamos, for example, plutonium moved less than 3 meters (m) into
the tuff (Stoker et al., 1991) and at RFETS plutonium activity in the Area is largely in the top
25 cm of the soil profile (Section 4). Physical adsorption, chemisorption, and electrostatic
adsorption all appear to affect the environmental behavior of actinides (Benes and Majer,
1980; Allard and Rydberg, 1983), but prediction of sorption behavior remains a major
weakness in determining the environmental behavior of actinides. Sorption studies remain
empirical, and the K;s are only valid under very limited conditions (Dozol and Hagemann,

1993).

One problem is the partially irreversible nature of sorption/desorption reactions. Some of

this behavior may be due to artifacts, but experiments on the sorption of plutonium by red
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clay show that sorption/desorption reactions remain irreversible even after possible artifacts

are accounted for (Higgo and Rees, 1986).
3.0.3.1 Physical Adsorption

Physical adsorption occurs by "non-specific” forces which attract solute to sorbent and binds
solute species in consecutive layers to the exposed solid surface. This mechanism is rapid,
non-selective, reversible, fairly independent of concentration in solution, and only slightly

dependent on ion exchange capacity.
3.0.3.2 Chemisorption (or Specific Adsorption)

Chemisorption (or specific adsorption) results from specific chemical forces between sorbent
and solute. This process can be regarded as complex formation and is commonly specific and

selective, concentration dependent, and may be slow and only partially reversible.

Figure 3-1 shows typical sorption behavior for actinide ions on oxide surfaces. Actinides and
other transition metals typically exhibit a sharp “sorption shoulder” which coincides with
formation of the first hydrolysis complex in solution (Farley et al., 1985). Hydrolysis
complexes of the form M(OH)™'* appear responsible for the shoulders. These complexes are
less charged than the parent (M"*) ions, and the sharp increase in sorption associated with
their formation shows that the interaction is “non-coulombic” and does not involve simple
electrostatic attraction which would be greater for the more highly charged uncomplexed

actinides (it is “non-coloumbic™) (Stumm and Morgan, 1981).

There is a considerable body of evidence suggesting that specific sorption is important with
actinides. At Los Alamos, for example, plutonium was strongly held by a variety of
materials including tuff which has an ion exchange capacity of only 0.5 to 3 miliequavalents/

100 g (Christenson et al., 1958). Organic matter-free soils from Hanford showed similar
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. behavior, and a large percentage of plutonium was adsorbed by soil almost immediately
(Rhodes, 1957).

100
iv'“_

75

50

Percent of actinide sorbed

14

Figure 3-1. Typical Curves for Specific Sorption of Actinides on Solid Oxides

The mechanism of specific adsorption has not been totally elucidated but appears to have

much in common with that of hydroxide precipitation.
3.0.3.3 Electrostatic Adsorption/lon Exchange
Electrostatic adsorption/ion exchange is a common interaction between solid and species in

solution and is due to coulomb forces which attract species from solution to solid surfaces.

The process is dependent upon concentration.

September 1997 3-7



RF/RMRS-97-074.UN
Summary of Existing Data on Actinide Migration
at the Rocky Flats Environmental Technology Site

Electrostatic adsorption also affects the behavior of actinides in the environment. Actinides
which entered the environment as solutions or metals tend to be concentrated in the fine
fraction of soil and sediments which also has the highest cation exchange capacity (Kingsley,
1947; Hakonson and Nyhan, 1980; Purtymun et al., 1983; Watters et al., 1983; and Little
and Whicker, 1978). In Mortandad Canyon at Los Alamos, for example, plutonium
concentrations in the silt and clay fraction are seven times the concentration in the coarser

fractions of alluvium (Dahlman et al., 1980; and Hakonson and Nyhan, 1980).

A number of studies, including recent work by Litaor and Ibrahim (1997), have shown that a
small fraction of the plutonium can be removed from soil with simple salt solutions. A small
fraction of actinides is held in the exchange sites under normal conditions; but the fraction

held by electrostatic sorption will increase if plutonium becomes less strongly held by specific '
sorption. It has been suggested, for example, that reduction of soils under natural conditions
could destroy iron oxides and decrease specific sorption of actinides. Under such conditions,

ion exchange reactions should increase in importance.

Electrostatic adsorption onto soils and sediments depends on the charge of the stationary
phase, and this charge changes with solution pH. Soil particles are positively charged at low
pHs, but shift to a negative charge at higher pH values. The pH at which the particles have
no net-charge is known as the zero point of charge (Table 3-3). The positively charged
surfaces formed at low pH will retard movement of anions, and the negatively charged
surfaces formed at high pH will retard movement of cations (Stumm and Morgan, 1981).
Under environmental conditions most surfaces in soil will be negatively charged and attract
cations, and even positively charged minerals tend to be coated with natural organic matter

(NOM) which provides a negative charge irrespective of the original surface.

Ions in solution follow a general order of affinity during ion exchange reactions. This affinity is

caused by coulombic interactions among counter ions and the exchanger, and ion-dipole and
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Table 3-3. Zero Point of Charge for Soil Constituents of Possible Significance at
RFETS

Material pH,,
a-AlO, 9.1
a-Al(OH), 5.0
y-AIOOH 8.2
Fe,O, 6.5
a-FeOOH 7.8
y-Fe,0, 6.7
“Fe(OH),”(amorph) 8.5
3-MnO, 2.8
B-MnO, 7.2
SiO, 2.0
feldspars 2-2.4
kaolinite 4.6
montmorillonite 2.5

From: Stumm and Morgan (1981)

induce dipole interactions (Eisenmann, 1962). Normally the first factor is weak compared to
the second and the affinity sequence follows the Hofmeister series where ions of small hydrated

radius are preferred over ions of large hydrated radius (Stumm and Morgan, 1981):

Cs">K">Na">Li"
Ba® > Sr** > Ca** > Mg
Pu**>Am™

U*>Pu*

Ions of smaller hydrated radius (such as Pu*) displace those of higher radius (such as Am™)

and high charge ions (such as Pu*") are preferred over low charge ions (such as Ca’* and Na").
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3.0.4 Aqueous Complexes

Actinides form strong complexes with a range of inorganic anions, organic compounds with
negatively charged functional groups, and synthétic complexing agents. These reactions
influence the solubility of actinides in solution and greatly increase the apparent redox stability
of valences which form the strongest complexes (Choppin, 1983). Figure 3-3 shows the effects
of complexing agents on sorption reactions. In general, formation of actinide-anion complexes
reduces the quantities of free ions available for hydrolysis and shifts both sorption and

precipitation curves to higher pHs.

The strength of complexes with inorganic anions follows the order:

M** >M** >MO2* >MO,'*

F> NOy > CI > CIO,

The thermodynamic constants for these actinide complexes are being critically reviewed and
compiled as part of a European Nuclear Energy Agency (NEA) initiative (Dozol and
Hagemann, 1993). Data for uranium currently are available, but data for plutonium and
americium are not complete. Plutonium is the most complicated system among the actinides

because of the large number of possible valences involved, and Table 34 provides a

compilation of stability constants for important complexation reactions in this system.
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Table 3-4. Complexes of Trivalent and Tetravalent Plutonium

Reaction Equilibrium Constant _ Constant
EDTA Pu** + H,Y* © 2H"+PuY [PuY][H")¥[Pu**][H,Y*] =4.57x10*
Citrate  Pu** + C(H,0.*< Pu(CH,0)'* [Pu(C¢H;0,)! *1/[Pu**][C¢Hs0,*] =3.0x10"
Citrate  Pu(C(H;0,)'* + CiH,0.>< Pu(CeH:0,),>  [Pu(C(H,0,),*] /[Pu(CH;0,)'*][CH:0,1 =1x10%
EDTA P’ + H,Y* < 2H*+PuY [PuYJ[H*}¥/[Pu**][H,Y?*] =1.3x10"8
Citrate  Pu** + CH;0.*¢ Pu(CH.0,’° [Pu(CH0,)V/ [P’ }[CH0,*] =7.3x10%
* Cleveland (1979)

3.0.5 Pseudo-Colloids and True Colloids

McCarthy and Zachara claimed that small negatively charged particles move in solution
under special conditions, and that these complexes can transport actinides quickly through
groundwater across large distances (McCarthy and Zachara, 1989). Actinides complexed
with high molecular weight organic molecules, sorbed on clays, sorbed on hydrated iron
oxides and hydrated aluminum oxides (“psuedo-colloids”), and actinides trapped within finely
divided actinide hydroxides and oxides (“frue colloids”) have been suggested as mobile
phases (Puls and Powell, 1992; Robertson, 1984; Ryan and Gschwend, 1990; Nightengale
and Bianchi, 1977; and Kim et al., 1984).

The chief example of the potential significance of such colloids in transporting radionuclides
has been the appearance of plutonium in monitoring wells 3 km from the source of

contamination in Mortandad Canyon at the Los Alamos National Laboratory (McCarthy and
Zachara, 1989; and Penrose et al., 1990). Recently, however, it has been demonstrated that
plutonium moved down this canyon in surface runoff and not through groundwater (Marty et

al., 1997b).

Such transport of actinides on colloids has been hypothesized to be active at RFETS (Harnish

et al., 1994; and Harnish et al., 1996). The results of these studies, however, are

September 1997 3-11



RF/RMRS-97-074.UN
Summary of Existing Data on Actinide Migration
at the Rocky Flats Environmental Technology Site

inconclusive because the data on which interpretations were based are less than detection
limits and adequate safeguards may not have been in place to prevent actinide contamination

of the monitoring equipment when it was installed through contaminated surface soil.

Theoretical work oﬁ extremely fine particles in water, moreover, suggests that colloids

should be effectively screened from groundwater over short distances through the action of
natural collectoré (Yao et al., 1971). Natural analogs cast further doubt on the significance of
this mechanism. Natural Th**, for example, forms strong complexes with natural organic

matter but remains largely immobile in soils presumably as a result of competing reactions.

Facilitated transport of plutonium complexed by synthetic complexing agents, however, has
been unequivécally demonstrated for ethylene diamine tetra acetic acid (EDTA)-plutonium
complexes at the MaxiFlats disposal site (Cleveland and Rees, 1981), and NOM and other
colloidal materials form aqueous phase complexes with actinides and stabilize plutonium in
lake water (Nash and Choppin, 1980; Watters, 1983; and McCarthy and Zachara, 1989).
Therefore, complexes of actinides with NOM and other colloids may increase the rate of

actinide transport, although it has not been clearly demonstrated to date.

The general processes described above control the environmental behavior of actinides, but
the chemical properties of uranium, plutonium, and americium also differ in many respects.
Environmental conditions also vary from site to site influencing the behavior of actinides.
The following sections contain a more detailed discussion of the effects of the specific
chemistry of the individual actinides, specifically uranium, plutonium, and americium under

the soil and groundwater conditions found at RFETS.
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3.1 URANIUM
3.1.1 Origin and Occurrence of Uranium

Uranium (element 92) occurs naturally in the earth's crust with an average concentration of
2.7 mg/kg. Uranium is a lithophilic element which is most abundant in granites (averaging 5
mg/kg and shales (averaging 3.5 mg/kg; Krauskopf, 1979). Myrick et al. (1983) evaluated
the concentrations of U-238 in surface soils across the United States to determine background
levels. Surface soils of Colorado were found to range from 0.47 to 3.0 pCi/g with a mean

and standard deviation of 1.2 pCi/g and 0.91 pCi/g, respectively.

Natural uranium is 99.273% U-238, but also contains small amounts of U-234 and

U-235 (0.005 and 0.72%, respectively in most cases). The mass differences among the
uranium isotopes is minor and the isotopes do not normally fractionate through natural
physical or chemical processes (Faure, 1977). U-238 has a long half-life (4.51 x 10° years)
and decays to Pb-206 through a chain which includes U-234 (Eisenbud, 1987). U-234 has a
relatively short 248,000 year half-life but once secular equilibrium is established the
radioactivity of U-234 exactly equals the radioactivity of U-238. U-235 decays through a
separate chain to Pb-207 with a half-life of 7.13 x 10° years (Eisenbud, 1987).

3.1.2 Geochemistry of Uranium

Uranium assumes 4 and 6 valences in soil. As with all actinides, the 4 valence hydrolyzes,
precipitates easily, undergoes strong specific sorption reactions, and is preferred over other
cations in ion exchange reactions. These reactions render U(4) largely immobile in the
environment despite highly stable complexes with inorganic and organic ligands. The more
oxidized U(6) is more soluble, undergoes weaker specific sorption, and tends to be more

mobile (Salomons and Foerstner, 1984).
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Anions, such as carbonate, nitrate, chloride, fulvic acid, humic acid, and EDTA, form
complexes with U(4) and U(6) and increase the amount of uranium which can remain in
solution. This, in turn, increases the overall mobility of the uranium. Uranium, generally, is
least mobile in reducing (anaerobic) environments free of complexing anions and most mobile

in oxidizing (aerobic) environments with high concentrations of complexing anions.

Natural uranium is ubiquitous in the Front Range of Colorado and complicates studies of
uranium at RFETS. High uranium granites occur throughout the front range, and uranium
ore (the Schwartzwalder mine) is located near RFETS. The natural alkaline and oxidizing
environment in near-subsurface water mobilize uranium in groundwater, and "...higher
uranium concentrations in water samples...are probably due to leaching of uraniferous strata
in the Pierre and Laramie formations..." The South Platte River is "...anomalously rich in
uranium compared to most other rivers of its size." (Bolivar et al., 1978)

The isotopic abundances (by weight) in some of the uranium used at RFETS differed
significantly from natural values, and this may be useful in determining which uranium
represents RFETS contamination (Table 3-5). Both U-234 - U-235 enriched and U-234 -
U-235 depleted nuclear-weapons components were manufactured at RFETS (EG&G, 1988),
and the isotopic signatures of both types of contamination can be differentiated from natural
Table 3-5. Isotopic Ratios in Potential Sources of Uranium at RFETS

Natural Depleted Enriched
Uranium* Uranium** Uranium**
Percent by Weight _
U-238 99.273% 99.75% 5%
U-235 0.72% 0.25% 95%
Activity Ratio ‘
U-233/234 0.005 0.0005 , TBD
U-234/U-238 1.06 0.09 >>5.74

o Naturally found in soils at RFETS; ** Contributed by industrial use of RFETS.
o TBD - to be determined
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uranium. Unfortunately, most samples collected from RFETS have been analyzed by alpha-

spectroscopy, and this technique provides only an estimation of U-235 activity.

Efurd et al. (1993) used thermal ionization mass spectrometry (TIMS) to rneaéure U-234, -v
235, -236, and -238 in RFETS sediment and water samples. The technique is more accurate
than alpha-spectroscopy and provides more certain isotopic ratios. On the basis of this data
the authors concluded that the "...largest source of radioactivity in the terminal ponds was
naturally occurring uranium and its decay product radium," and that the "...largest source of
anthropogenic radioactivity in the terminal ponds was depleted uranium." Approximately
half the uranium present in Ponds A-4 and C-2 and approximately 20% of the uranium
present in Pond B-5 apparently originated as depleted uranium. These results are significant
because they allow uranium contributed by industrial to be differentiated from uranium which

occurs naturally.

U-236 is produced by neutron capture on U-235 in nuclear reactors or atomic explosions and
does not occur in nature or in uranium which has not been through a reactor (Efurd et al.,
1993). U-236, therefore, would not be expected in the uranium used at RFETS. Efurd et al.
(1993), however, detected U-236 in some samples and concluded that the "...presence of U-
236 in the surface-water samples collected at RFP (RFETS) and the variable U-238/U-235
atom ratios detected in water samples collected from the holding ponds prove that
anthropogenic uranium is present.” This probably represents uranium subject to neutron flux
during an explosion and may be atmospheric fallout from atomic testing.

'U-238/U-235 ratios for dissolved uranium in RFETS groundwater, from which non-detects
have been excluded, show a wide scatter. This could be due to lack of a systematic treatment
of sampling and analytical error or real variability in isotopic ratios. The most likely
explanation is unpropagated error because background wells show high variability in isotopic
ratios which cannot be otherwise explained. U-234/U-238 activity ratios can be used to

distinguish between natural, enriched, and depleted uranium (Table 3-5).
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The ratio should be 1.0 at secular equilibrium, but the ratios ranged from <1.0 to >2.5 for
background areas (DOE, 1993a). If analytical errors were correctly handled in this study,

- this would indicate that unexpected factors affected U-234/U-238 activity ratios limiting its
usefulness in distinguishing between natural and RFETS uranium. |

DOE (1993a) reported a range of 1.19 to 2.43 for ratios of uranium isotopes in filtered
background groundwater and stream water, and DOE (1995b) reported U-234/ U-238 ratios
ranging from 0.34 to 18.5 for UHSU groundwater at the Solar Ponds. Neither report

systematically dealt with analytical errors and the results, therefore, are of limited usefulness.

In summary, the results from most of the studies of isotopic ratios undertaken to date have
not systematically dealt with error. Time Integrated Mass Spectroscopy (TIMS) analysis
shows prOmise as a means to determine the source of uranium because its analytical errors are
smaller and isotopic ratios can be determined more precisely. TIMS could allow natural
uranium and anthropogenic uranium to be better determined. This may be important because
| background levels set natural limits on the effectiveness of cleanup, and the differentiation of

scontaminated areas from uncontaminated areas could allow cleanup efforts to be focused.
3.2 PLUTONIUM
3.2.1 Origin and Occurrence of Plutonium

Plutonium was the second transuranic element discovered and the first transuranic element to
be produced in macroscopic quantities (Seaborg, 1958). It has been produced in far greater
quantities than any other transuranic element because of its usefulness in producing atomic
weapons and power. The plﬁtonium used at RFETS was weapons-grade and consisted
primarily of Pu-239 (half-life of 2.44 x 10* years) with lesser amounts of Pu-238 (half-life of
87.74 years), Pu-240 (half-life of 6,580 years) and higher isotopes.
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Plutonium does not occur in nature in significant amounts, but an anthropogenic background
of Pu-239, Pu-240, and Pu-241 exists worldwide due to fallout from atmospheric nuclear-
weapons tests. A considerable background of heat-source plutonium (Pu-238) also occurs
due to the atmospheric burnup of a nuclear-powered satellite (SNAP-9A) over the Southern
Hemisphere in 1964 (Hardy et al., 1973).

The distribution of fallout plutonium across the earth's surface is not uniform; geographic,
orographic, and meteorologic effects produced spatial variations in fallout. Hardy et al.
(1973) studied the distribution of fallout plutonium and measured the isotopic ratios in soil
samples collected from around the world. They determined that the heaviest fallout of Pu-
239 and Pu-240 lies in the temperate latitudes in the Northern Hemisphere, whereas,
concentrations of Pu-238 are greatest in the temperate latitudes of the Southern Hemisphere
(Hardy et al., 1973). Purtymun et al. (1990) studied the deposition and distribution of
plutonium from worldwide fallout and concluded that the "...differences in plutonium
concentrations and ratios...can be attributed to regional and local weather patterns and to
distribution by physical transport..." and that "...variability in plutonium particle size also
contributes to the inconstancy of plutonium concentrations and ratios found in soils and

sediments."

The plutonium used at RFETS was exclusively “weapons-grade” and was primarily in a
metallic form. This plutonium is predominantly Pu-239 (93.79% by weight) with small
amounts of Pu-240 (5.8% by weight) and traces of Pu-238 (0.01 % by weight), Pu-241
(0.36% by weight), and Pu-242 (0.03% by weight). Some low pH plutonium-containing

solutions also were used at the plant as part of processes to recover plutonium.
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3.2.2 Geochemical Behavior of Plutonium

The usefulness of plutonium in producing atomic weapons and as a power source has resulted
in extensive studies of the solution chemistry of plutonium, including the interaction of
plutonium solutions and metals with soil (Seaborg and Loveland, 1990). The environmental
chemistry of plutonium is complicated by the large number of reactions involved, but despite
the relatively recent discovery of the element, its major reactions are well characterized

(Seaborg and Loveland, 1990; Choppin, 1983).

As discussed above, the major reactions influencing the environmental fate of plutonium are
reduction-oxidation (Eh controlled), formation of complexes with anions and NOM (controlled
by pH and strength of complexing anions), precipitation (controlled by solution composition),
and sorption (controlled by solution composition and the nature of solid phases). Formation
and transport of colloids also may be a mechanism for the movement of plutonium (Essington
and Fowler, 1976; Nevissi et al., 1976) even though the importance of this as a groundwater
mechanism appears overstated. Harnish et al. (1994) attempted to examine plutonium
colloids at RFETS, but used data which were less than detection limits to support their
conclusions and did not consider the potential artifacts produced by emplacement of
groundwater monitoring wells through plutonium-contaminated soil These problems also

affected later work by these authors (Harnish et al. 1996).

A number of studies have suggested that plutonium is not absolutely chemically immobile in
the environment under all conditions. Noshkin et al. (1976), for example, showed that, at the
Enewetak Atoll, plutonium had migrated 80 m downward to groundwater. This environment
contrasts with that of RFETS: the actinides were initially trapped in calcium oxides,
hydroxides, and carbonates, the seawater is high in complexing anions, and the soils and
sediments lack both silicate and metal sesquioxides to sorb plutonium. It, therefore, is not
too surprising that the authors found Pu-239+240 to be "...very mobile throughout the

water-saturated coral-sand environments" (Essington and Fowler, 1976).
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Litaor and Ibrahim (1996) hypothesized that plutonium might be chemically mobilized under
environmental conditions at RFETS, but the mechanism by which movement would occur

was not well-defined. The Actinide Migration Studies will evaluate the data.

Rusin et al. (1994) demonstrated that iron-reducing bacteria in combination with strong
artificial complexing agents “mediate the solubilization of hydrous PuO,(s) under anaerobic
conditions.” As much as 90% of PuO, was “biosolubilized” experimentally in 6 to 7 days.
As will be discussed in subsequent sections, even relatively weak artificial complexing
agents, such as citrate, can move PuQ, into solution when used in conjunction with strong
reducing agents such as dithionite. Strong artificial complexing agents, such as EDTA or the
nitrilotriacetic acid (NTA) used by Rusin et al. (1994), can solubilize PuO,(s) under weakly

reducing conditions such as those induced by iron reducing bacteria.
3.3 AMERICIUM
3.3.1 Origin and Geochemical Behavior of Americium

Americium at RFETS primarily forms as a result of the decay of Pu-241 (half-life = 14.4
years), and ingrows within weapons plutonium as the relatively short-lived Pu-241 decays.
Americium was also purified by means of a molten salt extraction and sold for commercial
applications. Americium oxide was sent as a product to Oak Ridge National Laboratories. As
with plutonium, americium is not found in nature in significant quantities, but a world-wide

background occurs as a result of bomb tests.
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3.3.2 Geochemistry of Americium

Americium can exist in multiple oxidation states (I, IV, V, VI), but is expected to be in the
IIT state in aerated waters in the absence of oxidants other than atmospheric oxygen. The ‘
geochemical behavior of americium in the environment is similar to that of plutonium; both
actinides tend to be strongly adsorbed to the solid phase under neutral to alkaline, oxidizing

conditions.

As discussed above, the major reactions influencing the environmental fate of americium are
formation of complexes with anions and natural organic matter (controlled by pH, and strength
of complexing anions), precipitation (controlled by solution composition), and sorption
(controlled by solution composition and the nature of solid phases). Americium also may form
psuedo and true colloids which could potentially migrate through groundwater although

evidence of such migration is equivocal (Silva and Nitsche, 1995).

Am’*should behave in much the same manner as Pu®, and the behavior of Am®*may help
elucidate the environmental behavior of trivalent actinides. The distribution of Am’*and
Pu‘**at RFETS generally are similar. This suggests that differences in the environmental
chemistry of Am**and Pu**may not significantly affect their environmental behavior over a
period of decades, and that reduction of Pu**to Pu’*under natural conditions may not quickly

affect the distributibn of plutonium.
3.4 DETERMINING PARTITION COEFFICIENTS FOR ACTINIDES
As stated above, sorption studies remain empirical, and distribution coefficients which are

measured are only valid under the very limited conditions in which they were determined

(Dozol and Hagemann, 1993).
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Prediction of aqueous actinide transport in soils and groundwater is dependent on an
understanding of contaminant mobility in the soil/water environment. Estimates of
contaminant mobility are normally obtained using a parameter known as the K, which is g
quantitative measure of the degree of sorption for an individual contaminant that exists
between a solution and a solid phase under specific geochemical conditions. K, values are
used in contarninant transport equations to calculate migration rates for long-term predictions

of contaminant movement and behavior in solution.

The value of K, for each compound or element is a function of the geochemical behavior of
that compound or element, as well as the composition and characteristics of the sorbent. In
turn, the geochemical behavior of a compound is controlled by conditions such as redox
potential (Eh), pH, and solution composition. Low K, values indicate that contaminants are
weakly sorbed to the solid phase resulting in a relatively high aqueous mobility through soils
and sediments. Conversely, high K| values indicate that contaminants are strongly sorbed to
the solid phase resulting in a relatively low aqueous mobility through soils and sediments.
Due to the variable conditions under which they were determined, the range of K, values

reported in the literature spans several orders of magnitude for the actinides.

The RFI/RI Report for OU3 at RFETS (DOE, 1996) reported the ranges of published values
for uranium, plutonium, and americium as 0 to 4.4x10°; 0.4 to 8.7x10%; and 0 to 4.7x10°,
respectively (DOE, 1996). Representative K, values given in the OU3 RFI/RI Report are
1.55x10° for U-234; 4.5x10° for plutonium; and 700 for americium (DOE, 1996). Many soil
types occur at RFETS, and K;s values will very among them. It remains to be determined

whether it is possible to represent the K;s for a specific actinide with a single value.

Jakubick (1976) estimated a K, of 5x10° for plutonium in partially saturated, loamy soil with
pH=6. The estimated vertical transport was 0.8 cm/yr. Jakubick (1976) suggested that
PuO, migrated in the form of small discrete particles. If this is the case, then the migration

rate of the plutonium would correspond to physical properties of a given soil. A study by
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Routson et al. (1975) experimentally determined K, values for americium. For soils in
eastern Washington State, K, values were greater than 1.2x10°, and were not influenced by
different concentrations of calcium or sodium ions. Glover et al. (1976) conducted
equilibrium sorption measurements on different soils for plutonium and americium nitrates.
K, values for plutonium nitrates ranged from 35 to 1.4x10*; whereas, those for americium
ranged from 82 to 1x10*. Clay and sand content, along with cation-exchange capacity
(CEC), were determined to be the most important factors in plutonium and americium
immobilization or retardation in the soils suggesting that conventional ion-exchange processes

were responsible.

One problem is the partially irreversible nature of sorption/desorption reactions. Experiments
on the sorption of plutonium by red clay show that sorption/desorption reactions remain
partially irreversible even after possible artifacts are accounted for (Higgo and Rees, 1986).
The situation is further complicated by the mineralogical, physical, and chemical
heterogeneity of soils. The problem of determining actinide partition coefficients (K;s),

~ therefore becomes one of determining the limited conditions most likely to represent natural

conditions.

The Operable Unit 3 (OU3) RFI/RI Report (DOE, 1996) notes that the presence of multiple
oxidation states and irreversible reactions between them makes the prediction of long-term
behavior of plutonium in aquatic systems difficult. The report also states that environmental
behavior of plutonium is complicated by the existence of ionic, particulate, and “colloidal and
pseudo-colloidal plutonium” in the water column and notes that the adsorption of plutonium
on sediments is not fully reversible, due to “colloid formation” and changes in the oxidation
state. DOE (1996) also states that the K, of plutonium may be lower under reducing

conditions than under oxidizing conditions.

One method of estimating a K, involves the calculation of values using data for soils and

associated interstitial waters. The raw data to perform such calculations for RFETS have
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been evaluated for groundwater and surface water; unfortunately, dissolved results are close

to or less than detection limits rendering the values highly uncertain.

K, s for plutonium and americium in groundwater and surface water also may be calculated
on the basis of total plutonium versus total suspended solids (TSS) and total americium versus

TSS correlations. These determinations assume that (in the case of plutonium):

Pu(tot.,pCi/ L) = Pu(diss.,pCi/ LY+ Pu(part.,pCi/ g)*TSS(g/ L)
and
K, = Pu(part.)/ Pu(diss.)

The K, value is then calculated by dividing the slope of the total Pu-TSS regression line (i.e.,
Pu[part.]) to the intercept value (i.e., Pu[diss.]) and correcting the result for proper units.
These calculations result in estimated K values for plutonium and americium that are in the
10° to 10° L/kg range. The results are not presented here because further work is necessary
to document the ¢: ditions under which the coefficients are valid and to systematically

determine the errors associated with the determination.

Hursthouse and Livens (1993) used soil and interstitial water data to estimate K, values for
plutonium and americium in sediment profiles. Their K, values ranged from 1.9 x 10° to 9.0

x 10° for plutonium and 11 x 10° to 39 x 10° for americium (Hursthouse and Livens, 1993).

As part of the 1997 Actinide Migration Studies, apparent K, values will be determined for
RFETS soils and sediments. The soils will be from the 903 Pad Lip Area and the SID, and
the sediments will be from Ponds B-1, B-5, and C-2. These sorption studies are intended to
supply empirical measurement for K,s for conditions which are directly applicable to RFETS.
The soil and sediment samples are chosen to represent the soil types most affected by
plutonium. The water for laboratory experiments was obtained from monitoring wells at the

Site and will contain anion and dissolved organic matter at concentrations representative of
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conditions at the site. Pu-242 will be used as a surrogate for the behavior of Pu-239 in soil.
Proper precautions will be taken to ensure that Pu-242 is in correct valence during
experiments and to prevent the problems with valence induced artifacts which affected earlier
work. The importance of aging of actinides in soils on reversibility of sorption also Pu-239
should be investigated. The study should include a study of sorption and desorption kinetics
of Pu-242 solutions onto and off of RFETS solid phases.
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4.0 ACTINIDE DISTRIBUTION AND TRANSPORT IN SOILS AND
SEDIMENTS

This section presents a review of surface and subsurface soil and sediment sampling data for
actinides collectéd at RFETS from 1990 through the present. Past studies of actinide
distribution in the soils and sediments of RFETS are also cited and discussed. Section 4.3
discusses the transport of actinides by soil erosion processes and summarizes past erosion

studies.

41 PLUTONIUM AND AMERICIUM IN SURFACE AND SUBSURFACE SOILS

Small amounts of plutonium and americium are found as background in all surface soils.
Fallout from nuclear tests has contributed plutonium and americium to soils worldwide.
These background levels are used as a benchmark at RFETS to determine which increased
concentration-activities of americium or plutonium are due to Site activities. In general
background subsurface soils have very small amounts of plutonium and americium, due to the

limited mobility of these elements from surface soils.
4.1.1 Plutonium and Americium in Background Surface Soils

Surface soil is defined as the upper 6 inches (15 cm) of soil by the RFCA (DOE, 1996b).
Background surface soils for RFETS are similar soils occurring on similar landscapes not
influenced by plant activities. Concentrations of soil constituents in background soils have
been determined to facilitate the identification of soils at RFETS with concentrations of
chemicals of concern above background levels. Two background surface soil sampling
programs have been completed at RFETS. Background surface soils samples were collected
from the Rock Creek Area of the BZ, to the north of the RFETS IA. Results were reported
in the Background Geochemical Characterization Report (BGCR) (DOE, 1993). The
Background Soils Characterization Program was undertaken in 1994 (DOE, 1994a), due to
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on-going concern whether the Rock Creek soils are truly not influenced by plant activities and .
have representative background concentrations of radionuclides and other inorganic elements.

Samples were collected in the Boulder County Open Space, just north of RFETS, and from -

20 locations with soils similar to those of RFETS. Results of the program are presented in

the Geochemical Characterization of Background Surface Soils: Background Soils

Characterization Program (BSCP) (DOE, 1995a).

Results for the two sampling efforts were similar. The reported means and standard
deviations for plutonium and americium are given in Table 4-1. Levels of plutonium in
surface soils varied from 0.026 to 0.1 pCi/g in the BGCR (Rock Creek) data. In the BSCP
data, surface soil plutonium levels ranged from 0.017 to 0.072 pCi/g. Americium surface
soil levels ranged from 0.01 to 0.036 pCi/g in the Rock Creek data. In the BSCP data

surface soil americium levels ranged from 0.001 to 0.025 pCi/g.

Table 4-1. Means and Standard Deviations for Plutonium and Americium in .
Background Surface Soil Data (DOE, 1995a)

Isotope BGCR BSCP
Mean Standard Mean Standard
Deviation Deviation
. pCi/g
Americium-241 0.02 0.007 0.011 0.006
Plutonium-239/240 0.055 0.014 0.038 0.014

4.1.2 Distribution of Plutonium and Americium in Surface Soils

Plutonium and americium are generally not as mobile as uranium in the soil environment of
RFETS (See Section 3.0). The primary mechanism of migration is physical transport of
plutonium- and americium-contaminated surface soils by wind or water which has distributed .

these two actinides across the downwind and downslope soilscape (See Section 7). The
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spatial distribution of RFETS plutonium was estimated by two early studies (Krey and Hardy,
1970 and Seed et al., 1971). An aerial radiological survey was conducted in 1989 to measure
both natural and anthropogenic gamma radiation from the terrain surface in and around the
Site (EG&G, 1990). In 1990, an in-situ high purity germanium (HPGe) survey was conducted
to the East of the 903 Pad Lip Area (EG&G, 1991). A second HPGe survey of the 903 Pad
and Lip Area was performed in 1994 (RMRS, 1996). Several more recent studies of actinide
distributions on and around RFETS have been published. These include: Litaor et al. (1994),
Love (1994), Litaor et al. (1995), DOE (1995b), Litaor (1995a and 1995b), Litaor and Allen
(1996a), and DOE (1996c¢).

Data were collected in support of remedial investigations for most former OUs, and these
data are included in the data set used for the discussion that follows (DOE, 1994b, 1995b,
1996¢, 1996d, 1996¢, and others). Many other surface soil samples have also been collected
at RFETS as part of various projects, namely; Bolivar et al., (1978); DOE, (1993, 19%4a,
and 1995a); EG&G (1990 and 1991); Hurr (1976); Krey and Hardy (1970); Krey et al.
(1976); Litaor et al. (1994); Litaor et al. (1995); Litaor (1995a and 1995b); Litaor and Allen
(1996a); Litaor and Ibrahim (1996b); RMRS (1996); Seed et al. (1971); and others. All
surface soil data from the RFEDS have been compiled for the figures and discussion in this
section. This data has not been tabulated due to the larger number of records, but a summary

of the number of samples collected annually since 1988 is provided in Appendix A.

Plutonium concentration-activities in surface soils around RFETS range from 7,300 pCi/g
near the 903 Pad, to background in many areas. Americium concentration-activities in surface
soils range from background to 295 pCi/g, also in the 903 Pad Area. About 82 percent of the
surface soil results for plutonium-239/240 and about 90 percent of the results for Am-241 are
less than 1.0 pCi/g. Americium concentration-activities and spatial distribution show a high

correlation to those of plutonium (DOE, 1995b).
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Figures 4-1 and 4-2 show areas at RFETS with plutonium and americium concentration-
activities estimated to be above 1 pCi/g. The contours were produced by kriging grids
produced using analytical results reported for all surface soil locations shown in Figure 4-3.
The reported analytical results for over 1,800 sampling locations taken from RFEDS were
used. The contours were then examined and edited, using historical knowledge of radionu-
clide distributions. The figures show that surface soils with elevated concentration-activities
for plutonium and americium occur to the east of the IA and within the Protected Area. The
highest concentration-activities are associated with the 903 Pad and Lip Area corresponding
to the area contaminated by wind and water transport of materials from the former 903
Storage Area (see Figure 4-4). An area of lower contamination surrounds the Solar Ponds.
It is currently thought that this area was contaminated by windblown mists from the Solar
Ponds. For this mapping effort soil samples taken from the top of the soil profile directly
beneath the 903 Pad and the Solar Ponds were mapped as surface soil, although the areas are
covered by a layer of asphalt. These contours agree closely with those produced by Litaor
(1995a) and Litaor et al. (1995). '

Figure 4-3 presents the results of screening all surface soil and sediment data available from
the RFEDS against the radionuclide action levels developed for the ALF (DOE, 1996). The
radionuclide action levels for surface soil incorporate a two-tiered approach. Tier II action
levels are the activity-concentration that would yield a 15 mrem annual radiation dose to a
hypothetical resident. Tier I radionuclide action levels for surface soils are calculated
separately for the BZ and the IA. The Tier I action levels for the BZ are based on an 85
mrem annual radiation dose to a hypothetical resident. The Tier I action level for the IA is
baséd on a 15 mrem annual radiation dose to an office worker. Table 4-2 shows the surface
soil action levels for each radionuclide. The maximum analytical result for each
radionuclide, at each location, was divided by the appropfiate action level. The resultant
ratios were then summed across radionuclides for each location, to obtain the action level sum
of ratios, as described in the Action Levels for Radionuclides in Soils for the Rocky Flats
Cleanup Agreement (DOE, 1996) and shown below.
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Sum of Ratios = Pu/Pu, + Am/Am, + U234,/U234, + U235/U235, + U238,/U238,

Where subscript ‘r’ denotes an analytical result, and subscript ‘al’ denotes the appropriate
surface soil action level (Table 4-2). A sum of ratios was calculated for the ratio of a result
to both the Tier I and Tier II action levels. If the sum of ratios calculated using the Tier I
action levels for the five actinides was greater than or equal to one, then the location was
plotted as ‘above Tier I’ (Figure 4-3); if the Tier I sum was less than one, then the sum for
the Tier II ratios was used. When the Tier II sum of ratios was greater than one, the location
was plotted as ‘above Tier II but below Tier I’, and when the Tier II sum was below one, the

location was plotted as ‘below Tier II’.

By comparing Figure 4-3 to the contour maps (Figures 4-1, 4-2, 4-9, 4-10, and 4-11), it can
be determined which Tier I exceedances are mainly due to plutonium and americium. The
exceedances of Tier I and Tier II action levels due mainly to plutonium and americium are in
the area influenced by the 903 Pad. Exceedances in the other areas are mainly due to

uranium isotopes which are discussed in Section 4.2.

Table 4-2 Radionuclide Surface Soil Action Levels (DOE, 1996a)

Radionuclide Tier I Action Level | Tier I Action Level | Tier II Action Level
(pCi/g) BZ IA Site-Wide
Americium-241 215 209 38
Plutonium-239/240 ; 1429 1088 252
Uranium-234 1738 1627 307
Uranium-235 135 113 24
Uranium-238 586 506 103
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4.1.3 Plutonium and Americium in Background Subsurface Soils

The BGCR also presents results of background subsurface soil sampling. Samples were taken
to the north and south of the IA, well out of the zone of influence of plant activities. In
samples of background subsurface materials from the upper hydrostratigraphic unit (includes
alluvium, colluvium, weathered bedrock, and hydraulically connected sandstones), plutonium
and americium are virtually at the limit of detection with the error terms as large or larger
than the results (DOE, 1993). For statistical and reporting purposes all results are considered
detections, although they may be below the detection limit. Reported concentration-activities
for plutonium in subsurface soils ranged from -0.01 to 0.03 pCi/g, with a mean of 0.004
(standard’deviation=0.007 pCi/g). Americium activity/concentrations in subsurface soils

ranged from -0.015 to 0.01, with a mean of 0.00 pCi/g (standard deviation=0.007 pCi/g).
4.1.4 Distribution of Plutonium and Americium in the Subsurface Soils

Subsurface soil samples have been collected from boreholes drilled for many projects at
RFETS. The samples are well distributed across the Site (Figure 4-5). Samples have also
been collected from trenches and pits, specifically excavated for sampling purposes as part of
the OU2 RFI/RI (DOE, 1995b and Litaor et al., 1994). All subsurface soil data from
RFEDS were used in this section and a summary of annual number of samples collected is

provided in Appendix A.

Figure 4-5 shows borehole, trench, pit, and well locations at RFETS where subsurface soil
samples were collected. Plutonium concentration-activities in subsurface soils around RFETS
range from background to 1,486 pCi/g in the East Trenches Area. Americium concentration-

activities in subsurface soils range from background to 208 pCi/g in the East Trenches Area.
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Locations with concentration-activities above Tier II or Tier I radionuclide action levels are
shown in Figure 4-5. The same action levels are currently applied to subsurface soils for
evaluation as for surface soils (Table 4-1). The method used to produce the ratios for
subsurface soils depicted in Figure 4-5 was the same as explained above for surface soils
(Figure 4-3). Results show that the areas with the highest concentration-activities are located
in the East Trenches Area (near THSS 110 [trench T-3] and in IHSS 111.4 [trench T-7]); to
the west of the Original Landfill in and around IHSSs 133.1, 133.3, and 133.4; and in the
area to the east of the Present Landfill.

Results from the sampling of the test trenches (not waste burial trenches) excavated in support
of the former OU2 RFI/RI (DOE, 1995b, Litaor et al. 1994, and Litaor, 1995a and 1995b)
make it possible to examine the distribution of americium and plutonium in surface and
subsurface soils in the 903 Pad and Lip Area. The trench/pit locations are shown in Figure
4-6. Profiles for three representative trenches, with greatly varying concentration-activities
of americium and plutonium, are shown in Figures 4-7 and 4-8. The distributions are very
similar for americium and plutonium at all concentration-activities. Krey and Hardy (1970)
also noted, "...an apparent similarity in the downward transport mechanism at all sites."
Litaor et al. (1994) noted that in one trench (number 5) there was a translocation of actinides
to greater depth than in other trenches. This location was characterized by a courser textured
soil and a higher hydraulic conductivity than all other sites, these factors appeared to facilitate

the downward movement of the actinides.

The actinide contamination in the 903 Pad Area originated from releases in the 903 drum
storage area (the present 903 Pad) from 1958 to 1967, as described in Section 2.5.
Contamination from the releases was then distributed to the south and east of the storage area
by wind and surface water runoff. The soil profile data show the results of all combined
migration factors that have been active since the plutonium was deposited in the surface soil.
These include preferential flow of infiltrating water in decayed root channels (macropores)

and the burrowing activities of earthworms, ants and other microfauna (Litaor et al., 1994).
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There has been little movement of plutonium and americium below a depth of 20 cm (about 8
in) during the 25 years since the release occurred, even with very high surface soil activity-
concentration. This agrees well with the findings of Krey et al. (1976). Litaor et al. (1994)
found that “90 % of the actinide activity in soils at the Site occurs in the upper 12 cm of the,
regardless of soil series, or distance and direction from the source.” Litaor et al. (1996c)

also state that “the movement of actinides was restricted to the top 20 cm” of soil.
4.2 URANIUM IN SURFACE AND SUBSURFACE SOILS

Bolivar et al. (1978) evaluatéd uranium distributions in waters and sediments of the Front
Range and speculated that "...higher uranium concentrations in water samples. ..are probably
due to leaching of uraniferous strata in the Pierre and Laramie formations..." This same
study noted that the granites of the Front Range "...are known to be rich in uranium..." and

that the South Platte River is "...anomalously rich in uranium compared to most other rivers

of its size." The types of rocks in the RFETS area (claystones of the Laramie Formation and
Precambrian granites), the presence of nearby ore-grade uranium deposits (i.e., the
Schwartzwalder mine), and a generally alkaline and oxidizing environment in the near-
subsurface soﬂs, contribute to the likelihood of high and variable concentrations of uranium

existing in soils in the RFETS area.
4.2.1 Uranium in Background Surface Soils

Data compiled for the BGCR (DOE, 1993) and the BSCP (DOE, 1995a) gave very similar
results for the mean concentration-activities for uranium isotopes in surface-soil samples
collected from background areas near RFETS. The means and standard deviations from the
two data sets for uranium-233/234, -235, and -238 are presented in Table 4-3. The

distributions for all the uranium isotopes were determined to be lognormally distributed.
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Table 4-3. Means and Standard Deviations for Uranium Isotopes in Background
Surface Soil Data

Isotope BGCR BSCP
Mean Standard Mean Standard
Deviation Deviation
pCi/
Uranium-233/234 1.145 0.156 1.097 0.578
Uranium-235 0.053 0.033 0.054 0.020
Uranium-238 1.183 0.188 1.090 0.455

4.2.2 Uranium in Background Subsurface Soils

Subsurface soils include soils and geologic materials from the upper hydrostratigraphic unit
(includes alluvium, colluvium, weathered bedrock, and hydraulically connected sandstones)
collected from depths below 6 inches from the soil surface. For subsurface soils (boreholes)
at RFETS, means and standard deviations for uranium isotopes were calculated from data
presented in the BGCR (DOE, 1993). The background means and standard deviations for U-
233/234,-235, -238 are shown in Table 44.

Table 4-4. Méans and Standard Deviations for Uranium Isotopes in Background
Subsurface Soil Data

Isotope BGCR
Mean Standard
Deviation
. pCi/g
Uranium-233/234 0.779 0.932
Uranium-235 0.022 0.046
Uranium-238 0.733 0.376
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4.2.3 Uranium in Surface Soils

Analytical data for uranium in surface soil samples collected across RFETS show a wide
range of uranium isotope concentration-activities: uranium-233/234 concentration-activities in
surface soils at RFETS range from 0.218 pCi/g to 2,800 pCi/g, concentration-activities for |
uranium-235 range from -0.02 pCi/g to 670 pCi/g, and uranium-238 concentration-activities
ranged from 0.25 pCi/g to 3,800 pCi/g. Figures 4-9, 4-10, and 4-11 show the distribution of
the uranium isotopes in surface soils at RFETS. Elevated concentration-activities for uranium
are found around the Original Landfill (THSS 115) and the Solar Ponds. The exceedances of
Tier I and Tier II action levels in these areas (Figure 4-3) are due to the elevated uranium

isotope concentration-activities.

Litaor (1995b) studied the soils east of the RFETS IA, downwind of the 903 Pad, and
concluded that concentration-activities for all uranium isotopes were well within the natural
range for soils. He further stated that, "Proposed wind-dispersal mechanisms were not
consistent with the spatial distribution of U isotopes..." in surface soils east of the 903 Pad,
and that there was, "...no clear relationship between known uranium burial and spill sites,
and the present distribution of U-235 in the soils.”" He noted that the, "...lack of similarity in
spatial distribution between Pu-239+240 and U isotopes probably resulted from the higher
solubility and leachability of U isotopes compared with Pu-239+240 in the soil system."

This may also have been due to differences in sources.

Isopleth maps of the uranium isotopes concentration-activities in surface soils support the
above conclusion that the uranium concentration-activities of most of the soils are within the
natural range (Figures 4-9, 4-10 and 4-11). It is true no elevated U-235 concentration-
activities occﬁr in surface soils to the east of the 903 Pad (Figure 4-10); however, there is an
area of elevated U-238 activity to the east of the 903 Pad that correlates with the areas of
highest americium and plutonium concentration-activities (Figures 4-1, 4-2, and 4-11). There

are elevated concentration-activities of uranium isotopes in other known source areas, such as
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the Original Landfill, the Ash Pits, and the Solar Ponds. The lack of 2 well-defined spatial
distribution of the uranium isotopes to the east of the 903 Pad, compared to plutonium and
americium, may be due to their initially lower concentration-activities in the materials
released, as well as to their higher solubility. This may have allowed the uranium isotopes to

be redistributed within the soil profile.
4.2.4 Uranium in Subsurface Soils

Minimum and maximum values for uranium isotopes in samples of subsurface soils
(subsurface materials from below 6 inches) at RFETS are displayed in Table 4-5. The
maximum values are considerably higher than those obtained for samples collected from

background areas onsite (DOE, 1993a).

Table 4-5. Minimum and Maximum Concentration-activities for Uranium
Isotopes in RFETS Subsurface Soil Data

Isotope minimum | maximum
pCi/lg
Uranium-233/234 0.21 2875
Uranium-235' -0.023 288
Uranium-238 0 24790

1 A negative result indicates that the reading was below the background reference value for that analysis.

Figure 4-5 shows the subsurface soil sampling locations and where radionuclide action levels
are exceeded. The exceedances in the areas of the Original Landfill (IHSS 115), the Present
Landfill (THSS 114), and some locations in the East Trenches Area are due to elevated
uranium concentration-activities. The high concentration-activities of uranium in these areas
are likely due to buried contamination rather than the leaching of surface deposited uranium
into the subsurface soil. However, uranium is subject to dissolution and leaching in the near-

neutral, generally oxidizing environment found at RFETS, and is more geochemically mobile
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than plutonium and americium (as previously discussed in Section 3). This will be discussed

in Section 5 relative to elevated concentration-activities of uranium in the Solar Pond Area.

Soil—proﬁle studies performed in support of the OU2 RFI/RI indicated uranium leached
downward under the RFETS 903 Pad (Litaor, 1995b). Figures 4-11 and 4-12 show the
vertical distribution of U-233/234 and U-238 in soils near the 903 Pad Area. The uranium
concentration-activities are very close to background levels (Section 4.2.2). Trenches 4 and
12 had high concentration-activities of plutonium and americium in the surface soil (Figures
4-7 and 4-8), but do not show a clear relationship of uranium activity-concentrations with
depth. This may be indicative of naturally-occurring uranium or surficially-deposited

uranium that have been redistributed in the soil profile due to its higher mobility.

4.3 SOIL EROSION AND TRANSPORT OF ACTINIDES TO SURFACE
WATER/SEDIMENTS

The soil action levels (DOE, 1996a) for actinides did not consider transport pathways to
surface water, surface water ingestion, or the long-term protectiveness of surface water
quality. Data presented in Section 6 will describe actinide mobility in surface waters
during storm events. Surface water exceedances have recently been reported in samples
collected from Walnut Creek near Indiana Street. The overland transport of actinide
contaminated soils to surface water has the potential to mobilize actinides in the Walnut and

Woman Creek drainages.
4.3.1 Actinides in Background Stream Sediments
The concentration-activities of actinides in stream sediments was estimated using samples

from nine locations in the Rock Creek and upper Woman Creek drainages that are

considered out of the zone of influence of Site activities (DOE, 1995a). These were the
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same locations that were used for background surface water sampling. The sites were
selected to be representative of the lithologies present in the drainages of the Site. The

means and standard deviations for the background samples are shown in Table 4-6.

Table 4-6. Means and Standard Deviations for Actinides in Background
Stream Sediments (DOE, 1995a)

Isotope Observations Mean Standard Deviation
pCi/g
Americium-241 35 0.07 0.19
Plutonium-239/240 42 0.17 0.59
Uranium-233/234 47 1.68 2.69
Uranium-235 49 0.06 0.10
Uranium-238 ‘ 36 1.40 2.60

The background values for sediments are higher than for surface soils. This is an expected
phenomenon. Sediments generally have higher concentrations than the parent soil for a
range of metals and radionulcides due to the transport of the finer particle sizes to

depositional areas by erosion and overland flow. This process is known as enrichment.
4.3.2 Actinides in Sediments

Figure 4-3 shows areas with sediment concentration-activities above the Tier I and Tier II
surface soil action levels. Concentration-activities above the Tier II action levels are found
in Ponds B-1, B-2, and B-3 (DOE, 1996e). These high levels are due to waste streams
entering the ponds, not the erosion and transport of soil to the ponds (see the Historical

Release Report, DOE, 1992). Concentration-activities in the stream drainages are generally
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in the 0.01pCi/g to 0.3 pCi/g range (DOE, 1996¢, 1996d, 1996¢). Stream sediments in the
Walnut Creek drainage are currently being sampled and analyzed to provide information to

determine the causes of the recent exceedances surface water standards.

The relationships among surface soil, stream sediment, and surface water concentration-
activities are not well understood. A better understanding of these relationships in the two
major drainages on the Site must be developed to ensure the long-term protection of surface
water. The purpose of modeling soil erosion by water for the watersheds at RFETS is to
estimate the long-term transfer of soil- and sediment-bound actinides from soil to stream
sediments to surface water under a variety of plausible future scenarios, to provide
information for the conceptual model, and to facilitate the choice of cleanup levels for

actinides in surface soils that are protective of surface water under long-term conditions.

4.3.3 Past Erosion Modeling Efforts

Surface soil in the 903 Pad Area is one of the major contaminant sources for the Woman
Creek drainage. Precipitation events induce soil movement and surface soils and associated
actinides are carried by overland flow to surface water drainages. Two reports have used
the Universal Soil Loss Equation (USLE) model, developed by the USDA (Renard et al.,
1997), to estimate soil movement in the 903 Pad Area, Estimated Soil Erosion and
Associated Actinide Transport for the South Interceptor Ditch Drainage (DOE, 1992) and
Phase II RFI/RI Report, 903 Pad, Mound, and East Trenches Area, Operable Unit No. 2
(DOE, 1995).

The 1992 report (DOE, 1992) modeled soil erosion and associated transport of soil-bound
actinides within the SID drainage basin. Its purpose was to assess the impact of 881-
Hillside construction and SID maintenance activities on soil erosion and the transport of
actinides to Pond C-2 via the SID. The hillside on the south side of the IA, from west of
the Original Landfill to Pond C-2 was divided into seven sub-basins for the study. The
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total annual quantity of soil transported into the SID was estimated using the RUSLE and
the EPA Storm Water Management Model (SWMM) and t Sediment Removal Model
(SRM) were then used to estimate sediment movement in the SID and to Pond C-2 during

pre- and post-maintenance conditions.

The 1995 study (DOE, 1995), performed as part of the OU2 RFI/RI, used the MUSLE
estimated soil erosion from the 903 Pad, Mound, and East Trenches Area and estimated
loading to the South Walnut and Woman Creeks. The purpose of the study was to estimate
concentrations of chemicals of concern in the Walnut and Woman Creek drainages at
Indiana Avenue over a 30-year period. The study assumed that no engineered structures,
such as Pond C-2, were present. For modeling, 65 small sub-basins were delineated, to
produce sub-basins of roughly uniform gradient meeting the model criteria. Concentration-
activities of americium and plutonium were estimated over the entire area using data from

1991 soil sampling events.

The RUSLE model has been evaluated. The documentation, databases used for calcula-
tions, and the computer model have been recently updated (Renard et al., 1997). The
RUSLE is an empirically-based erosion model predicting long-term average annual soil loss
resulting from rainfall and runoff for a variety of field conditions including rangeland. Its
development and widespread use over a period of 40 years has confirmed the RUSLE’s
usefulness and validity in quantitatively predicting soil loss and evaluating conservation
practices. The soil loss computed by RUSLE is a guide, not a precise estimator of soil
loss. It has limitations in scope. It is best used on a field scale rather than on a watershed
scale. RUSLE has been used to estimate watershed sediment yields, however care must be
taken to account for depositional areas on the landscape. The long-term average soil loss
computed with RUSLE is not sediment yield from the field, but an estimate of total
sediment production by sheet and rill erosion. Sediment yield may be much less or, if

ephemeral gully erosion occurs, sediment yield may be much greater than estimated by
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RUSLE. The model must be coupled with other models to estimate sediment transport

within the drainages and concentrations at the Site boundary.

In the 1992 and 1995 studies it was assumed that all eroded soil remained suspended in the
surface water flow. Therefore, soil loss was overestimated, as estimates of estimate
sediment deposition were not included within each sub-basin. The plutonium activity
concentrations for Woman Creek estimated in the 1995 were more than an order of
magnitude greater than average observed values for the drainage. This indicates significant
problems with the model, as used, leading to a gross overestimate of sediment loading to

the drainage. There is a discussion of planned future erosion modeling efforts in Section 8.
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5.0 ACTINIDE DISTRIBUTION AND TRANSPORT IN GROUNDWATER

This section presents data on the distribution of actinides in both background and non-
background monitoring wells at RFETS. Two background studies at RFETS have evaluated
actim'des in groundwater, the BGCR (DOE, 1993) and the draft Comparison for
Radionuclides in Groundwater (DOE, 1997). Areas west, north, and south of the IA, that are
hydrologically upgradient or sidegradient to the IA, are considered to be background areas
(Figure 5-1). The background values reported by DOE (1993) included results from wells
screened into the weathered bedrock, as well as in the alluvial and colluvial materials that lay
above it. The 1997 study includes a larger number of wells and a longer sampling duration
than the 1993 study. It was initiated to develop background values that are representative of

the unconsolidated materials over laying the bedrock.

5.1 PLUTONIUM AND AMERICIUM IN BACKGROUND GROUNDWATER

The 1993 study (DOE, 1993) reported only three records for americium and one record for
plutonium in filtered (0.45 pm) samples of background groundwater, none are above the
current 0.15 pCi/LL groundwater Tier II action level. The 1997 study (DOE, 1997) contains
24 and 28 filtered analyses for americium and plutonium, respectively (Table 5-1). None of
these results are above the current action levels. Many more analyses are available for
unfiltered or total samples. The maximum reported activity for americium in unfiltered
samples of background groundwater in the 1993 study is less than the 0.15 pCi/L Tier II
groundwater action level. In the 1997 study only the maximum value for americium was
above the action level. Two plutonium samples of unfiltered background groundwater in the
1993 study were above the Tier II action level, and three were above the Tier II action level

in the 1997 study (Table 5-1).

September 1997 5-1



RF/RMRS-97-074. UN
Summary of Existing Data on Actinide Migration
at the Rocky Flats Environmental Technology Site

Table 5-1. Americium-241 and Plutonium-239/240 in Background Groundwater

Obs. | Mean | Stand. BG Min. Max. | Obs. | Mean | Stand. [ Min. | Max.
Dev. Bench- Dev.
mark
DOE, 1993 DOE, 1997
Filtered (pCi/L)
Americium-241 24 0.003 | 0.005 | 0.013 -0.007 | 0.018 2 0.01 0.01 0.0 0.02
Plutonium-239/240 25 0.002 | 0.004 0.01 -0.004 | 0.014 1 0.01 - 0.01 0.01
Unfiltered (pCi/L)
Americium-241 275 | 0.006 | 0.015 | 0.036 -0.02 0.10 183 0.01 0.01 -0.01 | 0.19
Plutonium-239/240 289 | 0.005 | 0.021 | 0.047 -0.05 0.22 194 | 0.004 0.02 0.01 | 0.22

5.1.1 Plutonium and Americium in Groundwater

Sitewide groundwater at RFETS shows a narrow range of activities in filtered samples for
americium-241 and plutonium-239/240 with maximums of 0.47 and 2 pCi/L, respectively.
The maximums for unfiltered americium and plutonium samples are 46.5 and 13.4 pCi/L,
respectively. The highest activities for both plutonium and americium were measured in .

samples collected from the vicinity of the 903 Pad as shown in figures 5-2 and 5-3.

The maximums, minimums, means, and standard deviations for groundwater data collected
from 1991 through 1996 for each location with filtered or unfiltered americium or plutonium
activities above tﬁe groundwater action levels (DOE, 1996) are shown in Table 5-2 and are
depicted in Figures 5-2 and 5-3. The figure shows a group of wells in the 903 Pad Area with
elevated americium and plutonium activities in ground water samples. Activities in the
sampled wells are generally below the background benchmarks (background mean plus two
standard deviations) of 0.05 pCi/L for plutonium and 0.04 pCi/L for americium. Two wells
(locations 09091 and 06991) have significantly higher average activities (Table 5-2). It is
believed that the contamination is due to the movement of contaminated soil into the well-hole
during drilling and localized around each well which has been documented in other wells
(EG&G, 1995a). Since these wells were drilled, new technology has been developed at
RFETS that eliminates the downward movement of contaminants in surface soil during .
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. Table 5-2. Groundwater Sampling Locations with Maximum Filtered or
Unfiltered Americium or Plutonium Isotope Concentration-Activities Greater

Than the Tier Il Action Levels’.

Location| Max | Min | Mean | Std Dev.
Filtered (pCi/L)
Americium-241
09091 21.310 0.012 | 10.661 15.060
1286 0.471 0.471 0.471
08891 0.435 0.435 0.435
07191 ~0.148 0.148 0.148
06991 0.264 0.008 0.136 0.181
Plutonium-239/240
08891 1.999 1.999 1.999
09091 0.813 0.149 0.481 0.469
11791 0.230 0.022 0.126 0.147
72393 0.330 -0.002 | 0.050 0.124
Unfiltered (pCi/L)
. : Americium-241
09091 46.540 1400 | 11.177 14.662
06991 9.730 0.190 1.358 2.947
1286 1.087 0.272 0.680 0.576
P208989 5.289 0.000 0.546 1.667
07191 2.270 0.030 0.503 0.988
P115489 0.380 0.380 0.380
2286 . 0.950 0.002 0.272 0.319
06691 0.580 0.160 0.266 0.176
111791 1.321 -0.010 | 0.253 0.359
P313489 0.250 0.250 0.250
1587 0.650 0.015 0.246 0.229
05193 0.650 0.031 0.233 0.233
0271 0.381 0.066 0.223 0.223
0460 0.508 0.041 0.209 0.211
41691 3.200 -0.001 0.196 0.587
08891 0.550 0.010 0.168 0.170
3686 0.160 0.160 0.160
72093 0.340 0.002 0.114 0.115
06591 0.270 0.022 0.113 0.077
. 13191 0597 | 0012 | 0.112 0.157
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Table 5-2 (continued)
B204189 0.470 0.003 0.099 0.207
72393 0.221 0.003 0.086 0.079
12091 1.090 0.000 0.083 0.290
24993 0.150 0.003 0.077 0.104
34791 0.530 -0.015 | 0.050 0.159
59493 0.200 0.003 0.050 0.075
0987 0.450 0.000 0.045 0.116
09691 0.160 0.000 0.042 0.048
07391 0.340 -0.001 | 0.041 0.105
0487 0.324 -0.004 | 0.041 0.106
01991 0.375 -0.001 | 0.041 0.105
01491 0.230 0.000 0.038 0.068
7187 0.393 -0.000 | 0.031 0.104
B400289 0.190 0.002 0.030 0.070
B110989 0.161 0.000 0.016 0.044
Plutonium-239/240
09091 354.6 12.0 94.6 21.8
06991 71.7 1.20 9.82 6.71
11791 13.360 -0.003 | 2.49%4 3.488
1286 3.650 0.699 2.174 2.087
B204189 | 10.320 -0.000 | 2.065 4.615
P313489 1.600 1.600 1.600
06691 3.361 0.832 1.527 1.052
1587 4.300 0.510 1.510 1.218
06591 2.900 0.778 1.505 0.728
2286 4.820 0.000 1.327 1.724
13191 5.024 0.058 1.247 1.320
08891 3.400 0.034 1.052 1.064
0366 0.900 0.900 0.900
0271 1.261 0.388 0.825 0.617
5671 0.470 0.470 0.470
72093 1.200 0.008 0.402 0.393
41691 2.204 0.000 0.378 0.487
13491 0.870 0.130 0.343 0.264
72393 0.799 0.005 0.332 0.292
P209189 0.510 0.083 0.325 0.153
09691 1.100 0.048 0.298 0.295
0290 2.510 0.002 0.285 0.834
59493 1.037 0.001 0.261 0.385
00291 0.780 0.042 0.241 0.196
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Table 5-2 (continued)

6387 0.386 0.121 0.233 0.097
00191 1.300 0.020 0.204 0.367
46792 0.530 0.000 0.189 0.296
3686 0.166 0.166 0.166

0171 0.494 0.023 0.164 0.193
06891 0.290 0.084 0.154 0.083
02991 0.800 0.002 0.112 0.245
24993 0.210 0.009 0.110 0.142
00391 0.570 0.001 0.109 0.169
4286 0.269 -0.002 | 0.106 0.075
25093 0.200 0.008 0.104 0.136
46692 0.970 0.000 0.103 0.289
46892 0.480 0.001 0.097 0.190
1687 0.420 0.007 0.087 0.117
03091 0.350 -0.027 | 0.073 0.111
0374 0.199 0.000 0.067 0.114
05193 0.200 -0.009 | 0.065 0.068
0486 0.179 0.000 0.064 0.060
11891 0.208 0.007 0.058 0.069
20591 0.230 -0.001 | 0.058 0.115
04591 0.580 -0.001 | 0.052 0.147
22193 | 0415 -0.001 | 0.049 0.137
01991 0.310 0.001 0.042 0.086
70093 0.215 0.000 0.037 0.073
0460 0.072 0.000 0.035 0.027
05191 0.170 0.003 0.030 0.047
07391 0.179 -0.004 | 0.028 0.058
3287 0.171 0.000 0.028 0.063
10991 0.232 0.002 0.027 0.060
03791 0.164 0.000 0.024 0.042
5186 0.347 -0.003 | 0.021 0.081
1490 0.182 -0.005 | 0.021 0.057
46192 0.235 -0.002 { 0.019 . 0.065
1786 0.210 -0.002 | 0.018 0.045
5086 0.254 -0.019 | 0.012 0.059

1 These locations are included in Figures 5-2 and 5-3.
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drilling by excavating contaminated surface soil and sealing off the drilling area from further
surface soil contamination prior to drilling (EG&G, 19952). A method for determining the
source of the contamination, and whether it is more widely distributed in the groundwater, is

to develop new wells using the RFETS aseptic method.

Soils data (Section 4.0), knowledge of actinide behavior in the environment (Section 3.0), and
groundwater data do not indicate that plutonium or americium are moving into and with the
ground water at RFETS. Before any remediation decisions are made with respect to
plutonium and americium in specific groundwater wells, one or more wells should be drilled

using aseptic methods to determine the source and extent of the groundwater contamination.
5.2 URANIUM ISOTOPES IN BACKGROUND GROUNDWATER

Uranium isotopes in samples of filtered (0.45 um) and unfiltered groundwater collected from
the UHSU exhibit a wide range of reported activities (Table 5-3). The maximum values are
from well B205589 which lies along the Rock Creek drainage, just south of Highway 128
(Figure 5-1). There is no evidence that this well has any anthropogenic contamination. This
is confirmed by both the uranium atom and activity ratios (Table 5-5 and 5-6), which indicate
the uranium is naturally occurring. These ratios are explained and their significance
discussed in Section 5.2.2 and 5.2.3. This well, along with all other background wells, is
located outside the area in which groundwater has been impacted by releases from RFETS.

In addition to data from the 1993 and 1997 studies, evaluations were performed in the
Groundwater Geochemistry Report (EG&G, 1995b) that show the geochemical evolution in
the composition of shallow groundwater along flow paths at RFETS. For the Rock Creek
and Southern flow paths (Figure 5-1), concentrations of dissolved uranium isotopes show an

increase as water moves west to east along the flow path (Figure 54). The increase in

Table 5-3. Uranium Isotopes in Background Groundwater
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Obs. | Mean Std. BG Min. Max Obs. | Mean Std. Min, Max
Dev. | Bench- Dev.
mark
DOE, 1993 DOE, 1997
] Filtered (pCi/L)
Uranium-233/234 | 287 6.55 27.1 60.8 -0.078 | 199.5 | 207 | 6.91 25.4 -0.02 | 199.5
Uranium-235 288 | 0.023 | 0.78 1.58 -0.035 | 5.35 | 207 | 0.195] 0.635 | -0.04 | 4.80
Uranium-238 286 4.60 18.6 41.8 -0.04 1356 | 177 | 4.83 17.7 -0.04 | 135.6
Unfiltered (pCi/L)

Uranium-233/234 39 14.7 35.3 85.3 0.0 164 35 15.6 | 38.75 0.0 164
Uranium-235 39 0.69 1.54 3.77 -0.01 6.48 35 10.617| 1.38 -0.02 6.29
Uranium-238 41 10.5 24.9 60.3 0.0 108 22 10.8 21.7 0.0 108

dissolved uranium observed in the report (EG&G, 1995b) may be related to increasing levels

of dissolved carbonate (which complexes with uranium to increase the solubility of uranium),

or to naturally occurring accumulations of uranium. The ratio of uranium-238 to uranium-

235 was shown to be consistently in the range of naturally occurring uranium.

The large variability shown for levels of uranium in background groundwater is expected,

considering the inherent heterogeneity of geologic materials and the presence of ore-grade

uranium deposits within 10 miles of RFETS (Schwartzwalder mine near Ralston Reservoir).

A recent study performed by the Jefferson County Health Department (Moody and Morse,

1992) found high levels of uranium in the groundwater of Coal Creek Canyon, which is

upgradient of RFETS. The Jefferson County study compiled data for groundwater samples

collected from 33 domestic wells in Coal Creek Canyon. Uranium (total) ranged from 1.3 to

1,200 pCi/L, with a mean and standard deviation of 174.9 and 339.1 pCi/L, respectively.

September 1997
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5.2.1 Uranium in Groundwater at RFETS

Analytical data for uranium in groundwater samples collected across RFETS show a wide
range of uranium isotope activities. The maximum activities in groundwater samples during
the years 1991 through 1996 for filtered and unfiltered samples are: uranium-233/234, 492
and 92.2 pCi/L; uranium-235, 35.7 and 6.48 pCi/L; and uranium-238, 325 and 101 pCi/L.
The RFETS background mean plus two standard deviations, which is used as a screening
benchmark for ground water evaluations at RFETS, is equal to 60.8 and 85.3 pCi/L, 1.78
and 3.77 pCi/L, and 49 and 60.3 pCi/L for filtered and unfiltered uranium-233/234, -235,
and -238 respéctively (Table 5.3 and DOE, 1997). The maximum values for each isotope are
all above the background benchmarks. Table 5-4 shows all locations with filtered (dissolved)
and unfiltered (total) uranium isotope activities in groundwater above the background
benchmarks. The maximums, minimums, means, and standard deviations are given for data

collected from each location from 1991 through 1996.

Figures 5-5 through 5-7 show the distribution of dissolved (filtered) uranium isotope
concentration-activities across the Site. The groundwater monitoring data collected over the
past seven years contain a preponderance of dissolved uranium analyses rather than total
(unfiltered) analyses. The reason for this is that DOE and CDPHE have formerly agreed that
groundwater action levels for uranium apply to dissolved uranium isotopes. The mean
activity for each sampling location over the period from January, 1991 through December,
1995 was used for plotting. This data is being used as a baseline for groundwater evaluations

under the Integrated Monitoring Plan (DOE, 1997b).

Uranium 233/234 concentration-activities above the Tier II action level of 1.07 pCi/L have
been found across RFETS (Figure 5-5). However, the background benchmark mean plus two
standard deviations is 60.7 pCi/L. Values above the benchmark only occur in the Solar

Ponds area and downgradient towards North Walnut Creek. This is the area with a known
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Table 5-4. Groundwater Sampling Locations with Unfiltered and Filtered

Uranium Isotope Concentration-Activities Greater Than the Background

Benchmark’.

September 1997

| Locationl Max ] Min | Mean lStd Dev

Unfiltered (pCi/L)

Uranium-235
10294 6.48 1.40 3.21 2.24
59993 4.00 0.306 2.15 2.61

Uranium-238
61093 101 0.026 47.3 40.0

-110294 69.5 25.0 43.5 20.7
P114989 | 68.0 68.0 680 --
Filtered (pCi/L)
Uranium-233/234

05093 492 56.0 221 131
2886 280 74.5 141 65.8
Q5193 258 136 199 34.3
B2(05589 180 2.45 121 51.8
B303089 150 120 135 21.2
13086 139 37.1 982 20.5
B305389 134 2.70 221 49 3
2689 95.1 05.1 95.1 -—
B20R6R9 83.5 69.0 2.9 4.32
05393 81.1. {11 {11 -
B210389 0.9 0.9 0.9 -
P20QR989 73.0 1.73 59.1 194
0586 63.0 19.1 39.5 2.1

Uranium-235
05193 35.7 540 10.5 9.12
(5093 217 1.70 9.53 2.00
2886 11.0 2.32 4.59 2.92
5287 9.12 0.54 1.73 2.09
3086 .03 2.47 431 1.65
B303089 6.90 4.00 5.45 2.08
B2104K89 5.61 0.508 1.36 1.26
B205589 5.54 0.035 3.66 1.76
2686 5.04 0.538 1.44 1.28
10294 4.25 0.770 2.20 1.32
B20R6K]9 4.10 1.00 2.19 0.890
05393 3.64 3.64 3.64
B305389 3.21 -0.011 0.504 1.19
1586 2.91 0.360 0.833 0.606
35691 2.51 0.290 0.730 0.578
P209889 2.50 0.737 1.35 0.519
P20K8989 2.40 0.016 1.57 0.609
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Table 5-4 (continued)

37791 2.30 -0.007 | 0.861 0.550
10692 2.25 0.279 0.68 0.560
B210389 2.19 2.19 2.19 ==
0586 2.10 0.578 1.35 0.761
P209489 2.09 0.835 1.37 0.392
1786 2.02 0.744 1.32 0.336
01391 1.99 0.120 0.532 0.560
2187 1.99 0.629 1.17 0.622
06491 1.95 0.630 1.13 0.515
P210289 1.94 1.94 1.94 =
B206589 1.90 0.530 1.01 0.416
B208589 1.90 1.03 1.37 0.463
37191 1.83 0.047 0.483 0.432

Uranium-238
05093 325 39.0 144 87.3
2886 200 46.3 95.6 48 8
05193 126 62.2 90.4 19.6
B205589 121 2.23 84.3 35.1
B303089 120 110 115 1.1
3086 91.5 24.4 63.9 12.6
B305389 89.3 1.60 14.6 32.9
61093 80.8 9.80 39.2 37.1
07391 5.7 18.9 33.9 14.3
05393 66.4 66.4 66.4 -
B20K689 54.0 42.0 477 349
B210389 499 499 49.9 -
P208989 48.0 0.50 371 12.8
1. The background bench marks for unfiltered and filtered samples are; uranium-233/234 = 85.3 and

60.7 pCi/L, uranium-235 = 3.76 and 1.79 pCi/L, and uranium-238 = 60.3 and 41.8 pCi/L.
No unfiltered uranium-233/234 results were above the benchmark. These locations are included in
Figures 5-5, 5-6, and 5-7.
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nitrate plume extending from the Solar Ponds toward North Walnut Creek. The presence of
high nitrate concentrations in the ground water may increase the mobility of the uranium (See

Section 3.0).

Uranium-235 concentration-activities above the Tier I action level of 1.01 pCi/L are not
common, but are found in background wells and also in areas affected by Site activities
(Figure 5-6). Uranium-235 shows a similar distribution to uranium-233/234. Wells with the
highest concentration-activities are clustered in the Solar Ponds Area and downgradient

towards North Walnut Creek.

Uranium-238 concentration-activities above the Tier II action level of 0.768 pCi/L have been
found across RFETS (Figure 5-7). Wells with groundwater concentration-activities above the
background benchmark are located in the Solar Ponds Area and to the north and south near
the Site boundary. Other wells with groundwater activities-concentrations of uranium-238
near the background benchmark are clustered in the Solar Ponds Area and extend
downgradient toward North Walnut Creek. Wells with groundwater concentration-activities
above the action level but below the background benchmark are also located in the 881-
Hillside Area, in the South Walnut Creek drainage, and near the Present Landfill.

In summary, Figures 5-5 through 5-7 show that locations having concentration-activities of
uranium isotopes above the action levels are distributed across the Site in both background
areas and in areas affected by Site activities. There are four areas with wells having
groundwater concentration-activities above the Tier II action levels for the uranium isotopes
(but rarely above the background benchmark): the Solar Ponds Area, South Walnut Creek
drainage, the 881-Hillside Area, and the Present Landfill Area. In the following section
Uranium-238/Uranium-235 atom ratios and Uranium-234/Uranium-238 activity ratios are
calculated and will be used to discuss the likelihood that the uranium is anthropogenic or

naturally occurring.
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5.2.2 Use of U-238/U-235 Atom Ratios to Determine Origin of Uranium

The atom ratio of uranium-238 to uranium-235 in naturally occurring uranium is a constant of
137.8. This atom ratio can be used to separate the components of anthropogenic (i.e.,
enriched or depleted) uranium and naturally occurring uranium. Efurd et al. (1993) used the

following equation to transform activities in pCi/L into atom ratios:

A = Nx*\
where: A = activity, N = number of atoms of the isotope, A = decay constant (0.693/half-
life), A for uranium-238 = 9.84375E-10, A for uranium-235 = 1.55103E-10

Mean atom ratios were calculated for each well location with results above the background
benchmark, using the mean activity-concentration from 1991 through 1996 (Table 5-5). The
ratios vary from 54.5 to 251. Two background wells appear in Table 5-5 . The atom ration
for well B205589 is 146 and 89.4 in well 10294. This wide range in ratios for these
background wells may indicate that this method is not useful in determining the source of
uranium in groundwater at RFETS. This may be due to variability in the analytical system
that has not been accounted for in the calculation of the ratios or to differences in solubility of

the two isotopes. See Section 3.6 for further discussion of atom ratios.
5.2.3 Use of U-234/U-238 Activity Ratios to Determine Origin of Uranium

The U-234/U-238 activity ratio (as opposed to the U-238/U-235 atom ratio) has also been
used to distinguish between natural and anthropogenic uranium. Uranium-234 is a product of
the uranium-238 decay chain and its abundance is determined by the abundance of uranium-
238. Table 5-6 shows activity ratios for filtered uranium-238 and uranium-235 in
groundwater calculated for locations with average activities above the background

benchmark.
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Table 5-5. Uranium Isotope Atom Ratios for Filtered Groundwater Locations
Above Background.

| Location | Mean U-238 U-238 N Mean U-235 U-235 N | U-238 N/U-
No. of Atoms No. of Atoms 235 N

61093 39.2 2.52735E+12 0.991 1.00673E+10 251
07391 33.9 2.18753E+12 0.868 8.81958E+09 248
B305389 14.7 9.44340E+11 0.504 5.12306E+09 184
P208989 37.7 2.43117E+12 1.57 1.58979E+10 153
2689 76.9 4.96058E+12 3.33 3.37981E+10 147
B205589 84.3 5.43724E+12 3.66 3.71351E+10 146
B210389 49.9 3.21915E+12 2.19 2.22476E+10 145
4689 106 6.80838E+12 4.73 4.80406E+10 142
B208689 47.7 3.07674E+12 2.20 2.23232E+10 138
1786 28.5 1.83411E+12 1.32 1.34503E+10 136
P209889 28.9 1.86037E+12 1.35 1.37557E+10 135
P210289 41.2 2.65566E+12 1.94 1.97079E+10 135
B303089 115. 7.41443E+12 5.45 5.53651E+10 134
2886 95.6 6.16411E+12 4.59 4.65763E+10 132
B206589 20.5 1.32035E+12 1.01 1.02703E+10 129
06491 22.5 1.44775E+12 1.13 1.14438E+10 127 .
B208589 26.9 1.73476E+12 1.37 1.39615E+10 124
P209489 26.5 1.70989E+12 1.37 1.38923E+10 123
1586 15.4 9.93339E+11 0.833 8.46554E +09 117
35691 13.4 8.65134E+11 0.730 7.41511E+09 117
05393 66.4 4.28361E+12 3.64 3.69879E+10 116
37791 15.1 9.74289E+11 0.861 8.74291E+09 111
0586 23.4 1.50962E+12 1.35 1.36671E+10 111
10692 10.9 7.05630E+11 0.679 6.89277E+09 102
2187 18.8 1.20860E+12 1.17 1.18805E+10 101
B210489 21.7 1.39865E+12 1.36 1.38070E+10 101
05093 144 9.29110E+12 9.53 9.67992E+10 96.0
3086 63.9 4.12208E+12 4.31 4.38000E+10 94.1
2686 21.1 1.35808E+12 1.44 1.46603E+10 92.6
10294 31.0 1.99588E+12 2.20 2.23337E+10 89.4
01391 7.47 4.81547E+11 0.532 5.40920E+09 89.0
5287 . 234 1.50601E+12 1.73 1.76024E+10 85.6
37191 6.51 4.19733E+11 0.483 4.90637E+09 85.6
05193 90.4 5.82579E+12 10.5 1.06829E411 54.5
Note: Bold locations are background wells. .
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The activity ratios of uranium-234 to uranium-238 are approximately 0.09 in depleted
uranium, 1.06 in natural uranium, 5.74 in power-reactor fuel, and higher for weapons-grade
uranium (EG&G, 1988). The U-234/U-238 activity ratio in for uranium in natural waters
usually ranges from one to three, the higher activity of uranium-234 in natural waters appears
to result from selective mobilization (Hess et al., 1985). Therefore, ratios that are above 3.0
or below 1.0 suggest the presence of artificially enriched or depleted uranium. The BGCR
(DOE, 1993a) reported a range of 1.19 to 2.43 for ratios of uranium isotopes in filtered
background groundwater, well within the expected range for natural waters. The current data
shown in Table 5-6 have a range from 0.46 to 2.20. Only two wells have low activity ratios,
Well 07391 located about 300 feet south of the 903 Pad and Well 61093 located near the
Original Landfill. The variability in the analytical system that has not been accounted for in
the calculation of the ratios and differences in solubility of the two isotopes due to Site-
specific geochemical conditions may limit the usefulness of the activity ratios in determining
the origin of the uranium in groundwater. Refer to Section 3.7 for a discussion of activity

ratios.

Table 5-6. Uranium Isotope Activity Ratios for Filtered Groundwater Locations

Above Background.
Location Mean U- Mean U- [234:238

233/234 238
05193 198 90.4 2.20
0586 39.5 23.4 1.69
B206589 33.1 20.5 1.62
B210389 80.9 49.9 '1.62
P208989 59.1 37.7 1.57
3086 08.2 63.9 1.54
05093 220 144 1.53
B208689 72.9 47.7 1.53
B305389 22.1 14.7 1.51
4689 158 106 1.50
2886 - 141 95.6 1.47
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Table 5-6 (continued)

06491 32.5 22.5 1.45
B205589 121 84.3 1.43
2187 26.5 18.8 1.41
5287 32.7 23.4 1.40
P209889 40.0 28.9 1.39
10692 14.9 10.9 1.36
35691 18.0 13.4 1.34
37191 8.72 6.51 1.34
2686 28.0 21.1 1.33
1786 37.6 28.5 1.32
B208589 35.6 26.9 1.32
B210489 28.0 21.7 1.29
2689 95.1 76.9 1.24
05393 81.1 66.4 1.22
10294 37.3 31 1.21
P209489 31.8 26.5 1.20
P210289 49.3 41.2 1.20
1586 18.0 15.4 1.17
37791 17.7 15.1 1.17
B303089 135 115 1.17
01391 7.76 7.47 1.04
07391 16.0 33.9 0.47
61093 16.5 39.2 0.42

53 ACTINIDE TRNSPORT BY GROUNDWATER

Transport processes that potentially affect the movement of actinides in groundwater include

mainly physical processes, such as detachment, entrainment and advective transport of

colloids and particulates, filtration and settling of colloidal and particulates in saturated

porous media, and geochemical processes, such as dissolution/precipitation,

adsorption/desorption, and oxidation/reduction. Groundwater flowing through geologic

materials with moderate to high hydraulic conductivities has the potential to carry both

dissolved and finely divided suspended matter. Discharge of groundwater at seeps and into

streams (gaining reaches) can result in actinide migration from groundwater to surface water.
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Groundwater transport appears to be of most concern for uranium isotopes rather than
americium or plutonium, due to their greater mobility in the groundwater environment of
RFETS (Figures 5-2, 5-3, 5-5, 5-6, and 5,7). The reasons for this are discussed in Section 3.
Areas of elevated uranium isotope concentration-activities occur in the Solar Ponds Area and
down gradient, towards North Walnut Creek and in the 881 Hillside Area, upgradient of the
SID and Woman Creek. Although most of the reported concentration-activities for uranium
isotopes in these areas are below the current background benchmark values, the potential
exists for groundwater uranium to be transported to surface water in these areas and to
contribute to the exceedance of the surface water action level for uranium which is 10 pCi/L

for total uranium isotopés.
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6.0 ACTINIDE DISTRIBUTION AND TRANSPORT IN SURFACE WATERS
This section provides a review of surface water actinide sampling data collected from
1990 through the present'. Past studies of actinide distribution and transport are also

cited and discussed.

This review of data involving actinide transport in surface water is divided into the

following categories:

¢ Actinide distribution in surface water by Site location;

e Actinide transport in surface water;

e Impact of watershed changes on actinide transport;

e Summary observations of actinide transport in surface water; and

e Detailed presentation of data, plots, and discussion (Appendix B).

Analyzing the distribution and mechanisms involved with transporting actinides in
surface water is necessary for understanding the conditions required for such transport
to occur. The RFCA spéciﬁes standards for actinide activities at specific surface water
monitoring locations. The RFCA-driven Integrated Monitoring Plan (IMP) specifies
analytes and sampling methodologies (detailed in Appendix B, Section B.1) for Site
surface water monitoring locations. Increased understanding of actinide distribution
and transport in surface water at RFETS will benefit the decision-making process for
implementing control measures that could minimize surface water actinide transport and
the resulting implications related to elevated actinide activity measured at RFCA

surface water monitoring stations.

! The time frame that data was collected ranges from surface water monitoring station to station. The operational

time frame for each station is listed in Table 6-2.
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6.1 ANALYSIS OF ACTINIDE DISTRIBUTION IN SURFACE WATER

6.1.1 Background Levels of Actinides in RFETS Surface Water

As discussed in Section 4.1, plutonium and americium occur very sparingly, or not at
all, in nature. However, plutonium and americium do occur in the environment due to
fallout from atmospheric nuclear weapons tests and from the re-entry and burnup of a

nuclear powered satellite in 1964.

The geology in the RFETS area and a generally alkaline and oxidizing environment in
the near-subsurface support the presence of naturally-occurring dissolved uranium in
background-quality surface water. The presence of plutonium or americium in surface
water, in contrast, is theorized to result from surface water transport of suspended
solids, derived from soils and sediments, that contain these actinides (as discussed

above in Section 4.3).

Background surface water quality at RFETS was characterized utilizing 15 surface
water monitoring locations as part of the Final Background Geochemical
Characterization Report (EG&G 1993). A total of 1 station (SW107) is located in the
Woman Creek drainage upstream of the Site and 4 stations (SW041, SW080, SW104
and SW127) afe located within Woman Creek tributaries west or southwest of the IA.
Surface water stations SW004, SW005, SW006, SW108, SW134, SW135, SW136 and
SW137 are located along the Rock Creek drainage or within unnamed tributaries of
Rock Creek. Station SWO0O7 is situated in the McKay Ditch upgradient of any IHSSs,
and SW130 is located on Smart Ditch in the south BZ, just east and downgradient of
Rocky Flats Lake. Three of the above water monitoring stations (SW080, SW104 and
SW108) sample seep flows, whereas, the other monitoring stations are in-stream

locations. All of these monitoring stations are located outside of the general area
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where the IA or the 903 Pad and Lip Area drain and are assumed to have been

unaffected by historical activities at RFETS.

Table 6-1 summarizes the results of total (i.e., unfiltered) sample analyses for actinide
activity in background RFETS surface water. The mean activities for both plutonium
and americium in surface water are also consistent with the activities measured in TSS
(i.e., mean = 18,900 ug/L) and the sediments (means were 0.07, 0.17 and 1.48 pCi/g
for Am-241, Pu-239/240, and Total Uranium, respectively), assuming that the sediment
activities are representative of TSS levels. Uranium levels in surface water are also
lower than those in background groundwater, consistent with the theory of overland

flow diluting groundwater discharged to surface water.

Table 6-1. Summary of Background Surface Water Quality for Total

Radionuclides

Radionuc’lide 5

Americium - 241

Plutonium - 239,240 105 0.00

Uranium - Total .17 0.59

Source: EG&G (1993).

September 1997 6-3



RF/RMRS-97-074.UN
Summary of Existing Data on Actinide Migration
at the Rocky Flats Environmental Technology Site

6.1.2 Actinide Levels at Surface Water Sampling Locations

Surface water runoff from the IA is directed into three main drainages and associated

detention pond systems (Figure 6-1):

° North Walnut Creek (A-series ponds);
° South Walnut Creek (B-series ponds); and
) South Interceptor Ditch (SID) (Pond C-2).

The water quality is largely influenced by the sampling location (e.g., upstream versus
downstream from a detention pond). For the purposes of this actinide transport
analysis, the discussion of surface water was subdivided upstream-to-downstream as

follows:

¢ 1A runoff (surface water flowing within the IA fence);
o Detention Pond influent (downstream from the 1A, but upstream from the ponds);
and |

s Detention Pond effluent (downstream from the ponds).

The monitoring stations located in each of these drainages are shown in Figure 6-1 and
listed in Table 6-2. Sample results at each monitoring station are effected by the
sampling methodology employed. Two distinct sample collection methods, storm-event
and continuous flow-paced sampling (as specified by the RFCA Integrated Monitoring
Plan), are utilized to monitor actinide activity of surface water at the Site. Storm-event
samples, which reflect the quality of water in the “first-flush” of a precipitation event,
typically yield higher actinide activity results than do continuous flow-paced samples
that reflect the quality of all the water that flows past a particular sampling station.
These sampling methods are described in further detail in Appendix B (Section B.1.3).
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Table 6-2. Summary Information for Surface Water Sampling Locations

Station *| - Drainage Location - Operation?’ o ~Projects:” > " | Sample Types | Average’
o | - Description | Period | 1 iy ‘Aunual Yield
. ‘ N gz (acre-feet)
Industrial Area Runoff Sample Locations ,
GS27 SwC ditch NW of 1995 - IM/IRA Tier II; Flow-paced 0.28
Building 889 present IMP Storm-Event
GS28 SWC Ditch NE of 1995 - IM/IRA Tier II; Flow-paced 1.13
\ Building 889 present RFCA Perf. Storm-Event
GS21 SID small culvert SE | 1995 -1996 IM/IRA Tier I Flow-paced 2.13
of Bldg. 664 Storm-Event
GS22 SID outfall at SID of | 1995 -1996 IM/IRA Tier II Flow-paced 37.50
400 Area cuivert Storm-Event
GS24 SID small culvert S of | 1995 -1996 IM/IRA Tier I Flow-paced 0.84
Bldg. 881 Storm-Event
. GS25 SID ditch draining SE { 1995 -1996 IM/IRA Tier II Flow-paced 5.41
of Bidg. 881 Storm-Event
Detention Pond Influent Sample Locations ‘
SW093 NWC N. Walnut Cr. 1991 - Event-Related; Flow-paced 118.7
Upstream from present IM/IRA Tier I; Storm-Event,
the A-1 bypass ALF Continuous
Swo091 NWC Gully NE of 1995 - IM/IRA Tier I; Flow-paced 1.38
Solar Ponds present NSD Storm-Event
tributary to N.
Wainut Creek
Sw022 SwcC Central Ave. 1995 - IM/IRA Tier I; Flow-paced 29.40
Ditch at Inner present NSD Storm-Event
East Fence
GS10 SWC S. Walnut Creek 1991 - Event-Related; Flow-paced 85.40
upstream from present IM/IRA Tier I; Storm-Event,
the B-1 bypass NSD, ALF Continuous
Sw027 SID South Interceptor 1991 - Event-Related; Flow-paced 32.80
Ditch at Pond C- present IM/IRA Tier I; Storm-Event,
2 NSD, ALF Continuous
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Station

|- Sample Types .|

Average
f Annual ‘Yield
‘(acre-feet)

A

Detention Pond Effluent Sampﬁlmaﬁons

Pond NWC Terminal pond in N/A NPDES Composited 387

A-4 N. Walnut Ck. (see Note 2) grabs during (See Notes)
discharge

Pond SWC. Terminal pond in N/A NPDES Composited 258

B-5 S. Walnut Ck. (see Note 2) grabs during

- discharge

Pond SID Terminal pond in N/A NPDES Composited 33

C-2 SID/Woman Ck. | (see Note 2) grabs during
discharge

Notes:

1) All values are based on record from water year 1995 through March 1997 (if applicable) and are preliminary and subject to

- revision.

2) Sampling periods for this pond discharge data are: Pond A-4, 1/91 to 6/96; Pond B-5, 3/94 to 6/95; and Pond C-2, 3/92 to 6/95.
3) Definition of abbreviations: NWC: North Walnut Creek; SWC: South Walnut Creek; SID: South Interceptor Ditch; NPDES:
National Pollutant Discharge Elimination System; IM/IRA: Industrial Area Interim Measures/Interim Remedial Action; IMP: RFCA
Integrated Monitoring Plan; NSD: RFCA New Source Detection monitoring; ALF: RFCA Action Level Framework monitoring.

6.1.3 Actinide Sample Results by Location

Table 6-3 provides a summary of radionuclide activities measured at the various Site

surface water sampling station locations (which are shown on Figure 6-1). This

provides an insight into the relative magnitude of activities measured at various

locations around the Site (i.e., IA runoff stations versus pond influent versus pond

effluent).
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Sections 6.2.3.1 and 6.2.3.2 present observations regarding actinide distribution in

surface waters at the Site based on the data presented in Table 6-3.

Table 6-3 Radionuclide Activities by Surface Water Sample Location
‘Station Drainage Sample Type - | #of samples (n) | = Avg. Pu-239,- Avg. Am-241 Avg. Total
o b e | @G | Ureium
aool ey oL : ®CIL)
Industrial Al;ea Runoff Samplé Locations '
GS27 sSwc Storm Only 13 24.98 9.06 1.47
(n=12)
G528 swc Storm Only 11 0.156 0.061 0.676
GS21 SID Storm Only 10 0.033 0.023 0.801
GS22 SID Storm Only 8 0.0128 0.0178 0.710
GS24 SID Storm Only 11 0.0931 0.031 1.4811
GS25 SID Storm Only 9 0.018 0.012 1.518
Detention Pond Influent Sample Locations
SW093 NWC Storm & 36 0.409 0.198 3.266
Continuous
SW093 NwWC Storm Only 17 0.816 0.396 2.149
SW093 NWC Continuous 19 0.044 0.020 4.265
SW091 NWC Storm Only 8 0.498 0.515 4.771
GS10 SwC Storm & 66 0.195 0.166 2.336
Continuous (n = 67)
GS10 SWC Storm Only 48 0.228 0.200 2.069
(n = 49)
GS10 SwWC Continuous 17 0.112 0.075 2.975
SW022 SWC Storm Only 16 0.187 0.075 0.958;
(n = 15)
Swo27 SID Storm & 18 0.305 0.058 2.859
Continuous (n = 17)
SW027 SID Storm Only 14 0.385 0.074 3.247
(n=13)
SW027 SID Continuous 4 0.022 0.005 1.502
Detention Pond Effluent Sample Locations )
Pond A4 NWC Compos. grabs 139 0.007 0.008 1.789
Pond B-5 SwC Compos. grabs 9 0.022 0.011 2272
Pond C-2 SID Compos. grabs 9 0.100 0.017 2.797

Note: averages are calculated as arithmetic averages of individual carboy (sample container) resuits.
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6.1.3.1 Plutonium and Americium

The following observations may be made from the Pu-239/Pu-240 and Am-241

‘activities measured at surface water monitoring locations.

General Characteristics

At stations where both storm-event and continuous flow samples have been
collected (stations SW093, GS10, SW027 - located at the influent to Ponds A4,
B-5, and C-2, respectively), storm event samples contain significantly higher
plutonium and americium activities than continuous flow samples collected at the
same location. This variation is consistent when plutonium and americium are

preferentially associated with particulate matter in the water column.

Radionuclide activities in detention pond influent may be 1 to 2 orders of
magnitude higher than the activities associated with the detention pond effluent.
This indicates that the settling of particulate matter occurring in the ponds

removes radiomuclides from the water column’.

Location-Specific Characteristics

Plutonium and americium activities measured at IA runoff station GS27 during

" storm events are the highest measured at any automated monitoring location; a

maximum value of 90 pCi/L was measured on June 28, 1997. Initially, a
significant source upgradient of GS27 was suspected, however, surveys and soil

sampling did not indicate the presence of a ‘hot spot’ or significant source.

2 Pond C-2 is the exception; effluent activities from this pond are skewed higher by samples collected in
spring 1995 as noted in Section 6.1.3.1.
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By comparing the mean plutonium activities for storm samples at IA runoff
station GS27 and pond influent station SW022 (coupled with each location’s
corresponding annual surface-water yield), suggests that the GS27 sub-drainage
may be contributing a significant portion of the plutonium load to SW022 (and

hence to the South Walnut Creek drainage).

SW022 has concentration activities of similar magnitude as GS10, and
represents approximately 34 % of the surface water runoff entering South Walnut
Creek from the IA. Although SW022 measures runoff from the portion of the
Site associated with uranium, it still represents a significant portion of the total

actinide load, inclusive of plutonium and americium, to South Walnut Creek.

Although station SW091 (Pond A-4 influent) has concentration activities similar

to the other Pond A-4 influent location (SW093), SW091 represents only 1% of
the surface water entering North Walnut Creek from the IA; and therefore
comprises only a small portion of the total actinide load to North Walnut Creek.

Comparing the mean plutonium activities for stormwater samples at IA runoff
stations GS21, GS22, GS24, and GS25 (sub-basin monitoring upstream from
station SW027) with station SW027 (Pond C-2 influent), coupled with each
location’s corresponding annual surface-water yield, suggests that none of these
IA locations is contributing a significant portion of the plutonium load to SW027.
This suggests that the primary source for the activity measured at SW027
probably ox:iginates in areas (downstream of stations GS21, GS22, GS24, and

" GS25) that are affected by contamination from the 903 Pad Lip Area.

Although Pond C-2 generally shows higher plutonium activities than Ponds B-5
and A-4, station SW027 (influent to Pond C-2) has lower average plutonium
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activities for continuous samples than do the stations that monitor the influent to

Ponds A-4 and B-5 (SW093 and GS10, respectively).

The difference in the water quality for Pond C-2 compared to A-4 and B-5 may

be attributable to several items:

0 Water from Ponds A-4 and B-5 is diluted by WWTP effluent;

0 Pond C-2 may receive loading only during very large precipitation events
which result in significant overland flow from contaminated areas near the
903 Pad; and

0 Other biological, physip-chemical, limnological, or management differences

for Pond C-2 may result in resuspension of contaminants.

6.1.3.2 Uranium

Location-Specific Characteristics

Total uranium increased significantly at SW093 (Pond A-4 influent) for
continuous samples compared to storm events. This result suggests that uranium
may be preferentially associated with baseflow, especially groundwater seeps.
This is consistent when storm events occur, overland runoff causes dilution of
the uranium contained in the baseflow and, hence, the storm event samples
contain lower total uranium activity than the continuous flow samples. The
proxirniiy of SW093 to the Solar Ponds could also be influencing the uranium

concentration in surface water flow.

Measurably less uranium is observed at SW027 (Pond C-2 influent) for continuous

samples compared to storm events. This suggests that uranium may be preferentially

associated with storm runoff, or that the source of baseflow may be low in uranium, or

that baseflow from natural sources is minimal at this location (which has been

confirmed by flow monitoring).
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6.2 ANALYSIS OF ACTINIDE TRANSPORT IN SURFACE WATER

6.2.1 Relationships between Radionuclides, Suspended Solids, and Fiow

A study of the behavior of radionuclides in surficial soils suggests that relationships
exist between radionuclide activity, TSS, and surface water flow rate. Plutonium and
americium have a tendency to form associations with particulate materials; therefore,
their transport is expected to correlate with the transport of the material with which
they are associated. Suspension of particulate material by raindrop impact and/or
streamflow might be expected to facilitate transport of the associated radionuclides.
Consequently, a dynamic relationship between TSS concentration and the radionuclide
activity in the surface water could be anticipated. The relationship would be dynamic
because the state of drainages at the Site changes as contamination is removed, isolated,

or exposed.

Solids mobilize, and thus, TSS can be related to flow rate if the particulate matter is
suspended by runoff. The amount of TSS will vary depending on the magnitude of the
flow. Generally, a more intense precipitation event will generate higher flow rates and
is expected to suspend more solids by various transport mechanisms, including ditch

and wetland scouring, sheet flow on bare soils, and raindrop impact.

Consequently, if a relationship between radionuclide activity and TSS exists for a given
location, then radionuclide concentration-activity may be correlated with flow rate as
well. Although these relationships might be anticipated for most sampling locations,
determination of whether this relationship exists may be difficult to assess for several

réasons:
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o A TSS (mg/L) to radionuclide (pCi/L) relationship assumes that the activity is
proportional to the mass of solids independent of available surface area or
particle composition. However, radionuclide association involves the
physiochemical properties of the particles themselves, and is more complex than

a simple pCi/g relationship.

. Source areas in any particular drainage may have unique physiochemical
characteristics and contamination levels may vary within a drainage making the
water quality characteristics of runoff from a sub-drainage would be unique.
When precipitation events do not occur uniformly over an area (especially for
large drainages), the water quality characteristics measured at a monitoring
location will depend on the origination of that runoff. In fact, there may be
several, or many, concurrent relationships that could be established for a given

location.

. Since a given drainage is continually changing, either through natural erosion or
anthropogenically through decontamination and decommissioning (D&D) or
construction activities, there may not be time to collect sufficient information to

determine one relationship before it is superseded by another.

6.2.2 Site-Specific Actinide Relationships with Suspended Solids and Flow

In order to understand the site-specific relationships between the actinides, the

relationship between measured activities, TSS, and flow were evaluated for each of the
surface water sampling stations .l The analyses that were performed included evaluating
Plutonium activity versus flow, Americium activity versus flow, Total uranium activity

versus:flow, Plutonium activity versus TSS, andAmericium activity versus TSS.

The results of these evaluations are summarized in Table 6-4. A detailed discussion,

including plots used for the above analyses is located in Appendix B.
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Summary of Regressions between Actinides, Flow, and
Suspended Solids.
Station Drainage: | Sample Type #of ’ Pu : -Am TotU | Pu/Am Correlation Notes /
' sampies V. VS VS, - Ys'. (Implications)
@) | flow | Flow=| ‘fow:| TsS o

Industrial Area Runoff Sample Locations '

GS27 SWC Storm Only 13 (+) (+) none (+) Am vs. TSS: R? = 0.89
(Minimizing erosion could
minimize rad transport)

GS28 swc Storm Only 11 none none none +) Pu vs. TSS: R? = 0.92
(Minimizing erosion could

i minimize rad transport)

GSs21 SID Storm Only 10 (+) (+) none none low activity in samples

GS22 SID Storm Only 8 (+) (+) none none low activity in samples

GS24 SID Storm Only 11 (+) (+) none none low activity in samples

GS25 SID Storm Only 9 (+) (+) none none low activity in samples

Detention Pond Influent Sample Location

SW093 NwWC Storm & 36 none none ) (+) (Tot. U contained in

Continuous baseflow, diluted by
stormwater)

SwQ91 NwWC Storm Only 8 [€) ) none ) Pu vs. flow: R* = 0.96
Puvs. TSS: R? = 0.92
(Minimizing erosion could
minimize rad transport)

GS10 SwC Storm Only 48 none none none (+) Pu vs. TSS: R* = 0.89

Sw022 SWC Storm Only 16 m—ne none none (+) (Large basin variability
possible cause for weak
correlations).

SwW027 SID Continuous 4 (+) (+) ) none (Low TSS at SW027 makes
TSS trending difficult.)

Notes: (1) Activities are measured as pCi/L; Flow is measured as cfs; TSS is measured as mg/L.

(2) Where trends from the regreséions. whether positive or negative, were observed, they are noted with (+) or (-) signs,
respectively. (3) When the regression R? value is greater than 0.90, the trend is noted with (+) or (-) symbols underlined and the

R? value is listed in the Correlation Notes column of the table. (4) Where trends from the regressions, whether positive or negative,

were observed, they are noted with (+) or (-) signs, respectively. When the regression R? value is greater than 0.90, the trend is

noted with (+) or (-) signs underlined and the R? value is listed in the Correlation Notes column of the table. Potential implications

of these relationships are also noted in the last column. A detailed discussion of these relationships is provided in Appendix B and

summarized according to each sampling location.
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6.3 IMPACT OF WATERSHED CHANGES ON ACTINIDE TRANSPORT
Two separate monitoring locations, GS27 (IA runoff) and SW027 (influent to Pond C-

2), demonstrate how changes in the watershed impact water quality. Monitoring results
from these locations reflect the challenge in collecting an adequate number of samples

at variable flow rates once watershed improvements have been implemented in order to
properly assess whether or not the improvements are reducing concentration-activity in

runoff for both high and low flows.

6.3.1 Impact of Watershed Improvements at GS27

Station GS27 is located in a small basin, which drains less than 1 acre. Samples were
collected before, during, and after watershed improvements have occurred within the
basin. Station GS27 was installed to monitor for possible impacts of the D&D at
Building 889 (completed in July 1996). The watershed improvements implemented in
the basin included:
. Removing and drumming sediments, measured to contain 5 to 6 pCi/g of
plutonium, accumulated on the asphalt south of Building 884 (completed July
1996); and
o Applying TopSeal® on the exposed dirt areas south of Building 884 (completed
October 1996).
The majority of post-improvement samples were collected at low flow rates. Although
data indicate low or lower actinide activities for a given flow, than prior to the
improvements, it is impossible to extrapolate this data to define the impact on water
quality of the control measures when higher flows occur. Station GS27 collects
samples when a higher flow rate does occur. A plot of the GS27 data is presented in
Appendix B (Section B.3.3.1).
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6.3.2 Impact of Watershed Improvements on SW027

Sample results indicate a trend toward reduced plutonium and americium activity to
flow ratios at SW027 since improvements were first implemented in this basin. A dirt
road running south down the hill from the 903 Pad, toward Pond C-1, was revegetated
during the summer of 1996 and treated with SoilGuard®. In addition, dirt roads
encircling the 903 Pad were treated with TopSeal® during the past year. However, it
should be noted that the sampling protocol at station SW027 changed from storm-event
sampling to continuous flow-paced sampling as a result of RFCA requirements, in the
midst of the ixhprovements being implemented. Results of storm-event samples also
indicate reduced radionuclide loading following the implementation of improvement

measures. A plot of the SW027 data is presented in Appendix B (Section B.3.3.2).

6.4 SUMMARY OBSERVATIONS FOR ACTINIDE TRANSPORT IN
SURFACE WATER

6.4.1 Uranium Transport in Surface Water

Surface water data from monitoring locations with baseflow near the Solar Ponds
suggest that, as the surface water flow rate increases due to storm events, uranium
activity decreases with dilution of baseflow. This trend is evident in the results from
gaging station SW093 downgradient from the Solar Ponds. This phenomenon may be
due to groundwater, which supplies the baseflow and is the primary source for uranium
observed in the surface water. This finding is further supported by data from
monitoring locations with ephemeral flow which exhibit no significant relationship
between total uranium and flow rate. At stations with baseflow, the primary mechanism
for uranium contamination of surface water may not be mobilization of particle-bound

nuclides by storm events, but transport via groundwater supply of baseflow.
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Uranium in surface water drainages is associated with baseflow in areas that drain the
solar ponds (SW093, GS10), but appears to be associated with storm runoff in the areas
south of Building 881 and the Original Landfill (monitored by SW027), wheére there is
known surface uranium contamination. Total uranium activity is similar for the effluent
from all three terminal detention ponds (Ponds A-4, B-5, and C-2). In North Walnut |
Creek, Pond A4 (1.8 pCi/L) contains roughly one fourth the total uranium activity of
the continuous flow for SW093, (4.3 pCi/L) which is located below the Solar Ponds.

In South Walnut Creek, Pond B-5 (2.3 pCi/L) total uranium activity is slightly lower
than the continuous flow sampled at GS10 (3 pCi/L). In the SID, Pond C-2 (2.8 pCi/L.
total uranium) ncontains slightly lower total uranium than is recorded for SW027 (3.2
pCi/L).

6.4.2 Plutonium and Americium Transport in Surface Water

6.4.2.1 General Plutonium and Americium Transport Mechanisms

Plutonium and americium transport is related to both TSS and flow rate. In general,
sampling sites in small drainages provide more distinct, positive correlations compared
~ to sites located in larger basins. The correlation is also stronger in drainages that
collect runoff from areas with widespread, surface radionuclide contamination. Results
from station GS10, a large basin capturing runoff from roughly two thirds of the IA,
represent the exception to this observation by exhibiting a strong correlation between

plutonium/ americium activity and TSS.

A positive correlation is observed between plutonium and americium concentration-
activity and flow rate across the Site. As with the plutonium/americium relationship to
TSS, the plutonium/americium correlation with flow is markedly better for smaller
drainages. Again, this may reflect diminished contaminant level and rainfall variability

inherent in smaller basin areas.
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The positive correlations of concentration-activity with both TSS and flow suggests that
transport of plutonium and americium is facilitated by dislocation and transport of
suspended particles whose suspension is a function of flow rate and precipitation
intensity. Despite mobilization of plutonium and americium detected during storm-
events in storm event samples, pond effluent sampling indicates the pond system
performs well to attenuate and settle contaminants in storm water prior to discharge
offsite. Contaminant levels measured in storm water flowing from the ponds are

typically decreased at least 10-fold from that of influent levels.

6.4.2.2 Location-Specific Plutonium and Americium Transport

North Walnut Creek at SW093 - This station has continuous baseflow, but has
relatively low levels of plutonium and americium in the continuous-flow samples.
However, SW093 storm-event samples (0.816 pCi/L Pu) have higher plutonium and
americium concentration-activities than at locations influent to Ponds B-5 and C-2,
GS10 (0.228 pCi/L Pu) or SW027(0.385 pCi/L Pu), respectively. SW093 collects
water draining from IHSS 150.8, an area of surface contamination containing slightly
elevated plutonium and americium contamination, as shown in Figures 4-1 and 4-2.
Stormwater flushes this area and drains into a drop box. This storm flushing across the
IHSS and through the sediments accumulated in the drop box is suspected of causing an
increase in plutonium and americium loading during storm events. SW093 may also
collect draina‘ge from east of Building 771.

South Walnut Creek at GS10 - This station has continuous baseflow, with
comparatively high levels of plutonium and americium activities. The plutonium and
americium activities for continuous flow samples at GS10 (0.112 pCi/L Pu) are about 2
to 3 times greater than those for SW093 (North Walnut Creek, 0.044 pCi/L Pu) and
SW027 (South Walnut Creek, 0.022 pCi/L Pu). '

SW027 and Pond C-2 - Water flowing from the southern portion of the IA is collected

in the SID, flows past station SW027, and into Pond C-2. Pond C-2 also collects water

from the area immediately surrounding the pond, which includes areas downwind of the
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903 Pad with surficial plutonium and americium soil contamination (Figures 4-1 and 4-
2). The average plutonium activity for continuous flow sampling at SW027 (0.022
pCi/L) is less than the average plutonium activity in the Pond C-2 discharges (0.100
pCi/L). It should be noted that the continuous flow samples at SW027 have been
collected only since October 1, 1996 (per RFCA IMP), whereas the Pond C-2 discharge
data dates back to March 1992 and are skewed by high activities measured during the
spring of 1995 when high runoff forced direct offsite discharges of Pond C-2.

The loading in Pond C-2 is from both the flow at SW027 and from water flowing into
Pond C-2 from the basin immediately surrounding the pond. The Pond C-2 effluent
data obviously does not distinguish these two contaminant loading pathways, although it
the area surrounding Pond C-2 (that is, water not flowing from the SID) may provide a

source of plutonium activity detected in Pond C-2.
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7.0 ACTINIDE DISTRIBUTION AND TRANSPORT THROUGH AIRBORNE
RESUSPENSION
The Site has been a source of airborne actinides throughout its history. The largest
contributors are building ventilation systems and resuspension of contaminated soils.
Building ventilation systems are sources of actinide deposition to the environment.
Resuspension, however, is a mechanism for transport of actinides that are already in the
environment. Airborne migration of actinides in the environment around the Site is
primarily due to soil resuspension (DOE, 1995). Movement can be caused by natural
processes (resuspension in a natural ecosystem caused by high winds, or by a combination
of rain splash and wind movement of vegetation) or by a combination of artificial and
natural processes (transport by wind of actinide-contaminated soil that is disturbed by
earth-moving activities) (DOE, 1995).

Through these transport mechanisms, actinide and non-actinide particles are lifted from the
contaminated surface and carried through the air. Resuspension, dispersion, and deposition
of actinides in the environment is highly deperident on the physical and chemical form of
the actinides. For example, the size of the particles affects their potential to be
resuspended, and the chemical form of the actinide affects its potential to attach to other

particles.

Measurements of plutonium in the ambient air have been routinely conducted at the Site for
over twenty years using medium-volume ambient air particulate samplers. These samplers
have been operated continuously on the Site, at the Site perimeter, and in several nearby
communities. Not surprisingly, trends within the ambient air data show higher
concentrations of plutonium near the contamination sources and decreasing concentrations
with increasing distance from the sources (see Figure 7-1; based on data in Calendar Year
1992 Annual Report). This trend applies whether the source is a building, a remediation

activity, or an area of contaminated soil. It is interesting to note, however, that simple
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modeling to account for airborne concentrations of plutonium activity at a sampling
location near the Site perimeter suggests that as much as 30% of that activity is contributed
by resuspended material near the sampler and not from the more highly contaminated, but
distant source near thé 903 Pad and Lip Area. The existing sampling network is shown in

Figure 7-2.

Resuspension has not always been the majority contribution to plutonium in the ambient air
around the Site. When the Site was producing triggers, plutonium from the building
ventilation systems contributed a significant fraction of airborne plutoniurﬁ and easily
exceeded the resuspension component. Figure 7-3 shows the historical trend in plutonium
concentration at a sampler (S-007) located just southeast of the 903 Pad. Cleanup activities,
which can potentially contribute significantly to measured emissions from the Site, can also
mask the contribution from the natural resuspension processes. It is important to note that
ambient cbncentrations at the Site perimeter under these scenarios have been at least several

orders of magnitude under the Clean Air Act standard.
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Figure 7-1. Plutonium Air Concentration vs. Distance from 903 Pad (’92 Data)
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Figure 7-3. Annual Mean Plutonium Air Concentrations at S-007

7.1  Source Summary

Thp migration of actinides already in the environment through the air pathway is confingent
on the actinides being available for entraimhent and dispersion in the ambient air. The
major source of resuspendable actinide material at the Site is the 903 Pad and Lip Area.
The 903 Drum Storage Area was contaminated with plutonium-laden cutting oil stored in

metal drums which, over time, leaked onto the soil beneath the drums. Removal of the
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drums in the late 1960’s and associated cleanup activities in the early 1970’s allowed the
contaminated soil to disperse to the east and south of the 903 Pad Area (DOE, 1986). The
Storage Area itself is now covered with asphalt, and is no longer a source of resuspendable
plutonium; however, the initial spread of plutonium-contaminated soil prior to the
installation of the asphalt pad, which now covers the area, resulted in a plume of plutonium
in the surface soils extending from the pad to the east and east-southeast. The plume
decreases in concentration from approximately 1,000 pCi/g just east of the 903 Pad to well

under 1 pCi/g at the eastern boundary of the Site (DOE, 1994).

Because the Site measures plutonium in the ambient air, sources that contribute to the
concentrations measured in the sampling network are not distinguishable directly. Through
1989 the Site was in production, and the plutonium from the building effluent systems was
the major contributor to the plutonium in the ambient air. Resuspension from contaminated
soil areas was a source of plutonium during this time, but the contribution was not directly

quantifiable due to the effluent source contribution.

From 1989 through 1995, the Site activities included planning for cleanup, and D&D of
Site structures with little actual production-type activity. During this period, Site airborne
emissions decreased, and resuspension from the contaminated soils contributed the majority
of the plutonium captured in the air samplers. In 1995, cleanup of contaminated soils,
waste disposal areas, and buildings was initiated, and these project-specific emissions
became measurable contributors of plutonium to the air, once again obscuring to some
extent the contribution from contaminated area emissions (DOE, 1996). If new analyses
were performed to better quantify the natural transport processes, the best data available
for the quantification of the natural movement of actinides in air appears to be from 1990 to

1995.
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7.2 Resuspension and Dispersion Mechanisms

Research on particulate resuspension took place for over 10 years at the Site, beginning in
the late 1970s. The Site offers a unique opportunity to study resuspension. Most dust '
resuspension studies have focused on resuspension from earth moving activities, including
piles of dirt exposed to the wind. Because the area contaminated by the 903 Pad Area |
emissions is covered with vegetation, the resﬁspension rate from the soil is orders of

magnitude less than that observed from earth moving activities on exposed soil.

A Site-specific study (DOE, 1995) has suggested that resuspension at the Site does not
occur solely from surface soils at high wind speeds through saltation, as in a typical
resuspension scenario, but much of resuspension may occur instead from vegetated
surfaces, and inay occur at much lower wind speeds than are typically associated with
resuspension. This study also suggests that the vegetated cover receives the plutonium
through rain splash. The splash deposits fine particulates on the surface of plants where
they are available for resuspension at very low wind speeds. The rain splash resuspension
mechanism may explain the “chronic” year-round,ilow-level ambient air plutonium

concentrations observed at the Site from 1990 to 1995.

Plutonium is a very dense element, giving small plutonium particles aerodynamic
characteristics the same as those of a much larger soil particles. In other words, plutonium
particles that could be typically resuspended and held aloft by the ambient air like soil
particles have the activity of the smaller high density particle. Fine plutonium particles
may also be attached physically or chemically to soil particles, resulting in less radioactive
particles that are transported in the same manner as soil. The resuspended material from
the 903 Pad Area is likely to consist of such particles along with other uncontaminated soil

material.

Data have been collected near the 903 Pad Area that indicate the typical sizes of ambient

airborne radioactive particles. The data show that the amount of plutonium collected is
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generally proportional to the total mass collected, and is distributed uniformly in the mass

distribution across size ranges from sub-micron to greater than ten microns. The study was
completed under conditions when no major cleanup activities were in progress, and the Site .
was not in production. Consequently, the size fractionation data available from the study

are characteristic of resuspended material from the 903 Pad Area (DOE, 1995).

Other data collected specifically for cleanup activities by new Radioactive Ambient Air
Monitoring Program (RAAMP) samplers could be used in a limited capacity to determine
size fractionation of resuspended material from earth-moving activities. Data have been
taken from samplers at a range of distances from cleanup activities, and have been

fractionated at approximately 10 micrometers aerodynamic diameter.

7.3 Sampling Summary

The RAAMP samplers in use during most of the 1990 to 1995 time frame were Site-
designed medium volume air samplers. All samplers were located within the typical adult
breathing zone (about 5 feet from the ground), operated continuously at a flow of 25 cubic
feet per minute (cfm), and collected total suspended particulates (TSP). Samples were
collected on an 8 x 10 inch fiberglass filter, which is rated to be 99.97% efficient for
conditions routinely encountered in ambient air sampling. Filters were collected biweekly
from all samplers and composited for monthly analysis. Isotopic analysis was then
performed for plutonium-239. These samplers are known as the “old“ RAAMP samplers.
New size-fractionating RAAMP samplers that operate at 40 cfm and collect material on two
substrates were installed in 1995. Particles larger than approximately 10 micrometers are
collected’ on an oiled substrate, while particles smaller than 10 micrometers are collected on

a standard 8-by 10-inch fiberglass filter.
A total of 43 samplers were used in the RAAMP network: 25 were located inside the Site

boundary, 14 were at the Site perimeter, and 14 were in the communities adjacent to the

Site. Typically, many of the samplers collected such small amounts of radioactive material
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that the activity was below quantifiable detection limits.

Several of these samplers were located near the 903 Pad Area: 3 samplers were located at
the east end of the 903 Pad; 3 were located east of the 903 Pad Area along a several-mile
stretch of the Site boundary; and several other samplers were located well to the east of the
Site boundary. Those samplers outside the Site boundary typically do not yield data above

quantifiable detection limits.

The samplers at the 903 Pad historically showed results above the quantifiable detection
limits, while the samplers at the Site boundary only occasionally yield data above those

limits.
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8.0 CONCEPTUAL MODEL OF ACTINIDE TRANSPORT AT RFETS

8.1 CONCEPTUAL MODEL

In an environmental investigation and remediation context, conceptual models are
developed to understand relationships between a site’s physical and chemical

characteristics.

Conceptual models are used to establish the relationships between surface and subsurface
geology and hydrology, meteorology, contaminant sources, contaminant types, and
contaminant fate and transport (i.e., distribution processes in soil, sediment, air,
groundwater, and surface water). The development of a conceptual model is an iterative
process whereby the a\;ailable data are compiled and integrated into an overall
understanding of the site. As the conceptual model is developed, data deficiencies or areas
of uncertainty may become apparent. Therefore, completion of the conceptual model may
require collection of additional data and integration of the new data into the model to fill

the data deficiencies or to address specific areas of uncertainty.

The transport of actinides includes both chemical and physical processes. Physical
transport is the movement of the media that contains the actinides (i.e., soil or water).
Chemical transport is the transfer of actinides in solution or from one physical form to
another (e.g. the chemical transfer of actinides from soil particles to solution in
groundwater). The processes vary among different sites depending on various
environmental factors. When the site-specific transport mechanisms are understood and
quantified to the extent possible, specific remedial actions may be evaluated, decisions on
refnediation design may be made, and analysis of the protectiveness of surface water may
be completed. Near-term actions can be completed based on conceptual model predictions,

which also provide the basis for evaluation of moderate to long-term actions.
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A preliminary conceptual model of actinide distribution and transport at the Site, as
summarized here, presents our current level of understanding of relationships between soil

types, actinide distribution, hydrogeology, and the potential effects of actinides on surface
water and air quality described in the conceptual model distributed to Stakeholders on June
6, 1997. Data deficiencies and areas of uncertainty have been identified. The conceptual

model of actinide transport at RFETS is a living document that will be revised and formally

" updated as new data are obtained, which is the primary focus of the actinide migration

study program during the next two fiscal years (FY98 and FY99). In addition, data that
are currently available from sitewide and project-specific monitoring will continue to be
compiled, reviewed and reanalyzed to confirm, enhance, or modify the current conceptual
model.

The conceptual model of aéthde fate and transport has been constructed based on
preliminary investigations at RFETS, studies conducted at other DOE sites, universities,
and a general knowledge of RFETS geology, hydrology, and meteorology. The conceptual
model identifies the various pathways for the migration of actinides at the Site, as
illustrated in Figure 8-1. Actinides in the various media exist in one of two phases: a
solid/amorphous phase (particulate, colloidal) or a dissolved phase. The particulate/
amorphous phases consists of actinides contained within or adsorbed to soil or sediment
particles that may be suspended in surface water, groundwater, or air, where the actinides

are subject to mechanical (physical) movement and redistribution.

The dissolved phase contains the actinides in solution where migration is by both chemical
(e.g. diffusion) and physical means (i.e., water movement). Figure 8-1 illustrates the
environmental media that contain actinides and the transport pathways, where “R” denotes

the various rates of transport and the subscripts designate the transfer-specific processes.
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Rsw = sediments to surface water and surface water to sediments
Rst = sediment transport

Rp = plant uptake




RF/RMRS-97-074.UN
Summary of Existing Data on Actinide Migration
. at the Rocky Flats Environmental Technology Site

The migration pathways may be further divided according to processes that cause the
transport or redistribution of actinides in each medium (soil, sediment, air, groundwater,
and surface water). Transport processes contain both areal and vertical components. Most
transport processes for actinides in soils can be described in terms of the agent causing the
movement (e.g. air, surface water, groundwater). The primary transport processes

controlling actinide migration include:

Transport due to flora and fauna:
o Plant uptake of radionuclides in soil; and

o Redistribution of contamination within the soil column due to burrowing fauna

(bioturbation) or flora root growth (macro-channels).

Air transport processes include:

. Dispersion of point sources originating from site processes or building exhausts

during site operations;
. Wind erosion of soils and transport of particulates downwind;

. Particulates that become airborne due to on-site activities (e.g., excavation,

regrading, structure demolition); and

. The resuspension by wind of splash deposited particulates.

Surface water transport processes include:
o Erosion by overland flow of water transporting sediments to downslope locations;

o Dissolution of contaminants into overland flow and subsequent partitioning back

onto soils or transport to drainages at downslope locations;

. Rain splash deposition of particulates onto flora or structure surfaces.
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. Dissolution of actinides from contaminated sediments into surface water;
. Resuspension of particulates or sediments previously deposited in drainages;
. Movement of colloidal/amorphous phases as part of each of the above surface water

processes; and

. The infiltration to groundwater of contaminated surface water (with actinides either

in colloidal/amorphous phases or solution).

Groundwater transport processes include:

. Dissolution of contaminants into groundwater and subsequent partitioning back onto

soils or transport to surface water at downgradient locations;

o The suspension, transport and deposition of colloidal particulates in infiltrating
water. Chemical interactions are also important for these phases. The behavior of
the colloidal/amorphous phases may be more that of large aqueous species than that
of small soil particles; and

. Discharge to surface water of contaminated groundwater bearing actinides in

solution or as suspended solids.

The above processes will vary based on a variety of factors. Processes requiring actinide
dissolution are relatively insignificant for either plutonium or americium due to limited
aqueous solubility, whereas, uranium is soluble in water and groundwater transport
processes can be significant. Site location is important because it determines the type of
contaminants that are present and the distribution within the various media. For example,
on the north side of North Walnut Creek, there is little surface soil actinide contamination
and soil erosion procegses will not cause significant transport of actinides in this area. The
conceptual model integratcs and focuses our approach to how actinides migrate at RFETS,
making it possible to refine our approach according to the portion of the Site that is being

considered.
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Actinide transport is most appropriately evaluated along the primary surface water
pathways at RFETS that have actinide contamination including: the IA; the Woman Creek
drainage; the South Walnut Creek drainage; and the North Walnut Creek drainage. Walnut
Creek is the drainage basin for the majority of the IA. Runoff from the northern portion of
the IA flows into North Walnut Creek. Runoff from the central portion of the IA flows
into South Walnut Creek. Surface water from the southern portion of the IA flows into the
SID/Woman Creek drainage. Surface water is likely to be the most important transport
medium determining compliance with the RFCA and appropriate remediation performance
criteria. Table 8-1 summarizes the individual actinide transport processes and potential
sources within each drainage basin. The purpose of this table is to identify the proce‘sses
that are expected to account for the majority of the observed actinide movement at the site.
The items that are shaded in Table 8-1 identify the specific processes that are believed to be
of primary importance within each of the drainage areas, essentially defining the basis for
the area-specific conceptual models. The preliminary hypothesis will be reviewed with
actinide migration specialists and will be incorporated into the conceptual model

refinements.

8.2 TRANSPORT PROCESSES THAT MAY REQUIRE FURTHER ANALYSIS
TO REFINE THE CONCEPTUAL MODEL

This report and the prelirﬁinary hypothesis for the conceptual model identified data
deficiencies and areas of uncertainty in actinide transport processes. This section provides
a discussion of our current understanding of the transport process and uncertainty by
environmental media. Recommendations to mitigate and limit actinide migration by

remedial actions is provided in Section 9.
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RF/RMRS-97-074.UN
Summary of Existing Data on Actinide Migration
- at the Rocky Flats Environmental Technology Site

8.2.1 Surface Soil Transport

As discussed in Section 4, the two main transport pathways for actinides in surface soils
are surface soil erosion to surface water and wind transport to other surface soils and to
surface water. This is primarily important downslope and downwind of the 903 Pad and
Lip Areas. These processes are a significant source of contamination and contaminant
redistribution in both the Woman Creek and South Walnut Creek drainages. Transport of

sediments in overland flow is discussed in more detail below.

The FY97 evaluation of physical speciation and the K s of plutonium and americium in
surface soils will be used to quantify the contribution of actinide migration to groundwater
via chemical transport, and the relative contribution to surface water. This is similar to the
approach that was used to establish the RFCA soil action levels for VOCs that are
protective of surface water via the groundwater pathway. Pond sediment K, values will be
used to quantify the chemical transport of the actinides from sediments to surface water.
Both of these chemical transport processes are expected to be relatively small compared to
overland transport; however, they are being addressed to assure completeness of the

analysis.

8.2.2 Soil Erosion Transport

Currently two erosion models are being evaluated for selection, the RUSLE and the WEPP
models. The modeling effort will begin in FY98, with results linked to the conceptual

model and mass loading analysis for the Walnut and Woman Creek drainages.

The RUSLE has serious limitations in scope. The soil loss computed is a guide, not a
precise estimator of soil loss. It was designed to facilitate soil conservation practices on
agricultural lands. It is intended for use on a field scale rather than on a watershed scale.
RUSLE has been used to estimate sediment yields, however extreme care must be taken to

account for depositional areas within sub-basins. The estimated long-term average soil loss
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is not sediment yield from the field, but an estimate of total sediment movement by sheet
and rill erosion. Sediment yield may be much less or, if ephemeral gully erosion occurs,

sediment yield may be much greater than estimated.

The Water Erosion Prediction Project (WEPP) model, developed over the last 10 years by
the ARS in cooperation with other federal agencies and universities, is also being
evaluated. It is a process-based, distributed parameter, continuous simulation, erosion
prediction model that simulates hydrologic and erosion processes on a watershed scale. It
can be used to estimate soil loss, soil deposition, sediment yield and how these are
distributed in space and time (ARS, 1997). This model is considered to be a great advance
over all previous erosion models. Preliminary evaluation indicates that the WEPP model
has the necessary capabilities to achieve the goals of the soil erosion and actinide watershed

loading modéling project at RFETS.

8.2.3 Groundwater Transport

There is no evidence of a plutonium or americium “plume” of groundwater contamination
(Section 5). Transport of uranium via groundwater to surface water may occur
downgradient of the Solar Ponds. Surface water sampling station SW93 is in North Walnut
Creek north of the Solar Ponds, at the toe of the slope, where groundwater not intercepted
by the ITS surfaces in North Walnut Creek. Surface water data indicate that at SW93 ‘

uranium is associated with baseflow which is fed by groundwater.

Groundwater downgradient of the Solar Ponds contains levels of uranium that are elevated
relative to the groundwater underlying most of RFETS, although not generally above
background levels. The isotopic ratios of uranium isotopés in groundwater downgradient

of the Solar Ponds do not indicate an anthropogenic origin.
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Two groundwater wells on the south side of the IA contain isotopic ratios of uranium that
may indicate anthropogenic uranium. Well 61093 is located just south of the Original
Landfill, between the landfill and the SID, and Well 07391 is located several hundred feet
south of the 903 Pad. While there have been surface soil detections in the general area of
well 61093, subsurface soil samples did not have actinide concentrations in excess of action
levels. There were no appreciable detections of uranium in surface soils either upgradient

or near well 07391, nor did subsurface soil samples exceed RFCA action levels.

Key data needs (including additional interpretation of existing data) for the conceptual

model to be complete are:

. Further analysi§ of groundwater data from the Solar Ponds Area:

- Correlation of uranium with other analytes, including nitrate, carbonate,
iron, sodium, pH, and TSS. These correlations should be performed on
uranium versus each of the other major ions (as a system is better than

individual comparisons); and

- TIMS analysis of groundwater downgradient of the ponds to determine
uranium isotopic ratios. At this time the conceptual model is incomplete
because it is not known to what extent the observed uranium levels are due
to mobilization of natural uranium or the movement of anthropogenic

uranium that was introduced into the Solar Ponds.

.« Temporal and TIMS isotopic analysis of existing uranium contaminated
groundwater downgradient of the Original Landfill and in the well downgradient of
the 903 Pad Area that showed skewed isotope ratios, to determine whether

anthropogenic uranium is migrating in these areas.
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. Additional analysis of the groundwater data downgradient of the Original Landfill to

determine if other contaminants are migrating.

. Additional surface water sample locations in the IA to further define water quality

within drainage sub-basins in an effort to isolate actinide sources.

. Analysis of surface water and sediment data to determine if actinide mass loading is
related to onsite activities, or to storm events, and identify potential conditions that

may result in surface water exceendances.

o Chemical and physical speciation of transported actinides and hot spots to evaluate

the conceptual model and its robustness.

. Determination of actinide mobility under varying environmental conditions.

8.2.4 Surface Water and Sediment Transport

Actinide loading to surface waters has been calculated based on continuous flow
monitoring. The continuous flow samplers monitor storm events as well as baseflow, so
these calculations are a reasonable estimate of the amount of contaminants entering the
drainages at the measurement points. The calculated loading of actinides to North Walnut
Creek, South Walnut Creek, and Pond C-2, based on surface water monitoring data, is
shown in Figure 6-2. The current data do not distinguish contaminant loading into Pond C-
2 from the drainage via SWO027 versus the loading due to flow over the low-level
contaminated surface soils surrounding Pond C-2 which is not captured by SW027. The
amounts actinides entering the drainages are greater than the amount leaving the ponds,
based on fhe pond discharge data, indicating that actinides are accumulating in the pond

sediments.
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Although transport of plutonium- and americium-contaminated particles from surface soils
to the creeks by erosional processes occurs in the Woman Creek and Walnut Creek
drainages, the pond systems established and maintained by DOE inhibit sediment and
actinide transport through the drainage systems. Plutonium and americium mobility in the
drainages are partially controlled by management of the ponds and by controlling the

timing of pond discharges.?

Dissolved uranium is transported in surface water and uranium-contaminated surface soils
are transported in overland flow to drainages. Isotopic studies of the pond water and pond
sediment indicate that depleted uranium from RFETS has accumulated in the pond system
(Efurd et al., 1993). The summary information for uranium isotopes in sitewide surface
water show activities significantly higher than those for background or upgradient surface

water. Overall, the pond systems perform well in mitigating uranium, such that recent

ambient levels of uranium in surface water leaving the site are in the same historic range as
ambient levels in the 1980s used to establish the site-specific standards for uranium. No

exceedances of the total uranium standard have been observed in recent years.

In order to minimize the quantity of radionuclides carried from the Site by surface water
runoff, erosion control measures were implemented during FY96 and FY97 to stabilize
sediment material and entrap particulate matter suspended in storm water. Drainage areas
targeted for control measures were those locations identified as most likely to contribute
material that could provide a transport mechanism for radionuclides in Site runoff.
Watershed improvement measures are planned for future years (contingent on funding) for
those areas, as indicated by water quality monitoring results, where actinide sources are

suspected of contributing contaminant loading to surface water runoff.

2 1t should be noted that during occasional periods of high precipitation (every one to two years), ponds must
be discharged without the normal settling time. In these situations, the degree of actinide settling is presumed
to be less efficient than during routine pond operations.
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A watershed surface modeling effort is planned for FY98 to help identify sources and long-
term effects on water quality (Section 8.2.2). Investigation of other upstream sources of
the exceedances is also necessary since the levels of surface contamination are low. The
North Walnut Creek Drainage will be further examined to define the source of plutonium
loading, to assist in evaluating potential sources of recent surface water exceedances and to
develop a draft Conceptual Model for actinide migration. The following tasks will be

performed:

. Complete inventory of plutonium, americium, and uranium in ponds, based on the

FY97 data and all previous historical data;
. Review of existing data from the IA and ponds to determine source areas;

o Evaluate pond sediment grain-size data in relationship to contamination to determine
what stream energy is required to erode contaminated sediments from the ponds and

under what circumstances these energies are likely to occur; and
. Establish rates for each transport mechanism;

. Perform a mass loading analyses, as part of the watershed modeling effort, in order
to allocate the maximum contribution of plutonium and americium to a basin that
would not exceed the stream action levels under normal environmental conditions;

and

. The above data would be input into the draft Conceptual Model for actinide
migration and tested on the North Walnut Creek Drainage to determine site specific

cleanup levels under normal environmental conditions.
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Data from the FY97 and FY98 laboratory studies will be used to generate actinide mobility
distribution maps under normal and abnormal environmental conditions. This information
will be used to determine the probability of meeting surface water action levels for

proposed remedial actions under varying environmental conditions.

8.2.5 Air Transport

The major air transport mechanism from Site closure activities is the potential airborne
transport of particulates due to excavation, regrading and structure demolition. Air
‘monitoring data will be used in air dispersion modeling to establish transport rates for

remobilizing actinides during remediation activities. The existing data will be evaluated to:

. Quantify the different resuspension mechanisms at the Site using data from various
resuspension studies; and using known dispersion mechanisms, develop a long-term

model of actinide migration; then validate the model using monitoring data;

. Characterize the composition of actinide contaminated particles and compare the

information with the observed size-activity distribution; and

. Review data to estimate settling rates of resuspended actinide-contaminated

particles, for use in long-term migration scenarios.

8.3 REFERENCES
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9.0 RECOMMENDATIONS

It is expected that near-term projects to evaluate and mitigate actinide migration include:
(1) the planned soil remediation activities for the 903 Pad and Lip Area and surrounding
actinide-contaminated soil areas; (2) watershed improvement projects currently in progress
(e.g., application of road sealant, revegetation of buffer zone roads, installation of silt
fences, SID improvements); and (3) containment of the Solar Pond Plume. In FY99, data
from the FY97 and FY98 laboratory studies will be used to finalize the conceptual model
and to generate actinide mobility distribution maps under normal and abnormal
environmental conditions. This information will be used in to determine the probability of
meeting surface water action levels for proposed remedial actions under varying
environmental conditions. Recommendations for finalization of each of these tasks are

summarized below.
9.1 903 PAD AND LIP AREA

Sampling results, erosion calculations, and surface water mass loading calculations indicate
that surface water continues to be affected by contaminated soils within the 903 Pad and
Lip Area, with the contaminant loading being most notable after significant storm events.
Because soils in the 903 Pad and Lip Area contain plutonium and americium and these soils
appear to be a source of the actinides observed in downslope surface water, an evaluation
as to whether these soils cause surface water contamination exceeding RFCA action levels
will be performed to determine whether soils remediation will be necessary within this

area.

The goals of the proposed Actinide Migration Study work for FY98 are to quantify the
rates of actinide transfer among media, and to initiate modeling and testing transport rates
on proposea remediation scenarios for the 903 Pad and Lip Area, and incorporate this
information into a draft Conceptual Model for actinide migration at RFETS. In order to

accomplish this, the following activities will occur:
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o Based on existing data, FY97 laboratory studies to determine actinide speciation and
partition coefficient/investigation results on soils and sediments, FY98 soil erosion
modeling, and air dispersion modeling, rates will be established for each transport -
mechanism (air, erosion, and leaching to groundwater) for plutonium and

americium under normal environmental conditions;

. Additional laboratory studies will be conducted to determine mobility under various

environmental conditions;

o A mass loz;ding analyses will be performed in order to allocate the maximum
contribution of plutonium and americium to each basin that will not exceed the

stream action levels under normal environmental conditions; and

. The above information will be input into a draft Conceptual Model for actinide
migration and initial testing on the watershed below the 903 Pad and Lip Area will
be initiated to determine site specific cleanup levels under normal environmental

conditions.

The data summarized in this report indicate that actinide loading is occurring in areas that
are not affected by the 903 Pad and Lip Area or related soils. The detailed sub-basin
surface water monitoring data will be examined more closely and used in conjunction with
watershed modeling results to identify potential actinide source areas. The extent of
remediation will be determined not only by the extent of soils contaminated above dose-
based action levels, but also by determining soil contaminant levels protective of surface

water quality.
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9.2 SOLAR PONDS AREA

The observed nitrate/uranium groundwater contamination in the North Walnut Creek
drainage may be affecting the surface water quality downgradient of the Solar Ponds. The
occurrence of plutonium above the RFCA surface water standard requires additional
surfaée water sampling in this area. The current conceptual model assumes that this
contamination comes from low-level surface soil or sediment contamination; however, this
is based on the spatial association of the surface contamination with the surface monitoring

stations showing exceedances and must be confirmed.

An action is required to protect surface water in North Walnut Creek from contaminated
groundwater originating from the Solar Ponds. There is a RFCA milestone to construct a
plume containment system in FY99. In order to ensure attainment of this milestone,
additional plume characterization will be conducted in FY98 to refine knowledge of the
extent of the uranium and nitrate plumes originating from the Solar Ponds area. A
groundwater model will be developed specifically for the Solar Pond Plume to evaluate
alternatives for managing the plume. The model will incorporate FY97 data that
determined site specific uranium K;s and speciation which affect their mobility. The
groundwater model will be used to help evaluate, select, and design a preferred alternative

for remediation of the Solar Pond Plume.
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APPENDIX A
SUMMARY OF RFETS ENVIRONMENTAL MEDIA SAMPLES BY YEAR

Number of Soil Samples Taken at RFETS

Year Number of Samples

Surface Soil Subsurface Soils Pits/Trenches
1988 19
1989 0 46
1990 6 15
1991 38 1570 229
1992 769 1872 492
1993 - 829 1610 34
1994 1666 562 1
1995 92 490
1996 58 7
1997 1 : 39

Number of Sediments Samples Taken at RFETS

Year Number of Samples
1990 79

1991 140

1992 543

1993 160

1994 196

1995 135

1996 5

1997 25

Number of Groundwater Samples Taken at RFETS

Year Number of Samples

Groundwater Vadose Zone Lysimeter
Extraction

1989 215

1990 815

1991 1152

1992 1866

1993 1991 139 403

1994 2460

1995 1977

1996 557

1997 141
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Number of Surface Water Samples Taken at RFETS

Year Number of Samples
1989 99
1990 860
1991 1557
1992 1442
1993 913
1994 477
1995 270
1996 158
1997 216
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APPENDIX B

® ANALYSIS OF
ACTINIDE DISTRIBUTION AND TRANSPORT

IN SURFACE WATER
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APPENDIX B: ANALYSIS OF ACTINIDE DISTRIBUTION AND TRANSPORT IN SURFACE WATER
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APPENDIX B: ANALYSIS OF ACTINIDE DISTRIBUTION AND TRANSPORT IN
SURFACE WATER

Research indicates a relationship may exist between radionuclide activity and total
suspended solids (TSS) in surface water. Radionuclides tend to associate with particulate
matter. When small mineral particlés are transported in surface water runoff, radionuclides
attached to the particles are transported as well. Therefore, measuring the amount of TSS
in surface water runoff from a specific drainage area may provide a characteristic ratio of

radionuclide activity to TSS for that basin.

The Appendix B objective is investigate the relationship of surface water radionuclide
concentrations with the indicator parameters, TSS and flow rate. Appendix B consists of
four major components which are 1) surface water sampling and flow measurement, 2)
actinide transport analysis, 3) watershed changes and radionuclide transport, and 4)

summary of findings.

B.1 SURFACE WATER SAMPLING AND FLOW MEASUREMENT

B.1.1 General Description

Protocols for collecting samples and measuring the flow of surface water runoff from the
Site are designed to yield information about the migration of actinides via surface water.
Results are used to facilitate management decisions to minimize the potential of offsite

discharge of radionuclides in excess of established limits.
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B.1.2 Surface Water Sampling Locations and Analytes

B.1.2.1 Industrial Area Runoff Sampling Locations and Analytes

Six stations discussed in this report are used, or were used in the past, to monitor surface
water runoff within the IA fence boundary. These stations are listed in Table B-1 and

shown in Figure 6-1.

During Water Years 1995 and 1996', the IA runoff locations were operated as Tier II IA
Interim Measures/Interim Remedial Action (IA IM/IRA) monitoring stations and were
therefore sited to monitor selected tributary IA sub-drainages. Stations GS27 and GS28

remain active as RFCA Performance Monitoring locations.

In compliance with RFCA, and in accordance with the monitoring objectives of the draft
Integrated Monitoring Plan (IMP), Performance, New Source Detection (NSD), and Point
of Evaluation (POE) monitoring is currently performed at locations within the IA and along
the five main drainages between the IA and the pond systems. Either storm-event or
continuous flow-paced samples are collected at each location. Samples are analyzed for
radionuclides, metals, volatile organic compounds (VOCs), and TSS, depending on
location. Water quality probes have recently been deployed to collect continuous 15-
minute record of pH, turbidity, specific conductivity, temperature, and nitrate at NSD

locations.

" Water Year is defined as October 1 through September 30. For instance, Water Year 1995 is defined as

October 1, 1994 through September 30, 1995.
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Table B-1. Summary Information for Surface Water Sampling Locations

Station | Drainage Location Operation Projects Sample Types Average
Description “Period::" : B Annual Yield
(acre-feet)
Industrial Area Runoff Sample Locations
GS27 SwC ditch NW of 1995 - IM/IRA Tier II; Flow-paced 0.28
Building 889 present RFCA Perf. Storm-Event
GS28 SWC Ditch NE of 1995 - IM/IRA Tier II; Flow-paced 1.13
Building 889 present RFCA Perf. Storm-Event
GS21 SID small culvert SE 1995 -1996 IM/IRA Tier II Flow-paced 2.13
of Bldg. 664 Storm-Event
GS22 SID outfall at SID of | 1995 -1996 IM/IRA Tier I Flow-paced 37.50
400 Area culvert Storm-Event
GS24 SID smali culvert S of | 1995-1996 IM/IRA Tier Il Flow-paced 0.84
Bldg. 881 Storm-Event
GS25 SID ditch draining SE | 1995 -1996 IM/IRA TierII Flow-paced 5.41
of Bldg. 881 Storm-Event
Detention Pond Influent Sample Locations
SW093 NwWC N. Walnut Cr. 1991 - Event-Related; Flow-paced 118.7
: Upstream from present IM/IRA Tierl; Storm-Event,
the A-1 bypass RFCA NSD, ALF Continuous
SW091 NwWC Gully NE of 1995 - IM/IRA Tier I; Flow-paced 1.38
Solar Ponds present RFCA NSD Storm-Event
tributary to N.
Walnut Creek
SWo022 SwcC Central Ave. 1995 - IM/IRA Tier [; Flow-paced 29.40
Ditch at Inner present RFCANSD Storm-Event
East Fence
GS10 SWC S. Walnut Creek 1991 - Event-Related; Flow-paced 85.40
upstream from present IM/IRA Tier [; Storm-Event,
the B-1 bypass RFCA NSD, ALF Continuous
SW027 SID South Interceptor 1991 - Event-Related; Flow-paced 32.80
Ditch at Pond C-2 present IM/IRA Tier I, Storm-Event,
RFCANSD, ALF Continuous
Detention Pond Effluent Sample Locations
Pond NWC Terminal pond in N/A NPDES, RFCA Composited 387
A-4 N. Wainut Ck. (see Note 2) grabs during (See Notes)
discharge
Pond SWC Terminal pond in N/A NPDES, RFCA Composited 258
B-5 S. Walnut Ck. (see Note 2) grabs during
discharge
Pond SID Terminal pond in N/A NPDES, RFCA Composited 33
C-2 SID/Woman Ck. | (see Note 2) grabs during
discharge
Notes:

1)  All values are based on record from Water Year 1995 through March 1997 (if applicable) and some recent data are preliminary and

subject to revision.
2)  Sampling periods for this pond discharge data are: Pond A4, 1/91 to 6/96; Pond B-5, 3/94 10 6/95; and Pond C-2, 3/92 to 6/95.
3) NWC = North Walnut Creek; SWC = South Walnut Creek; SID = South Interceptor Ditch

4)  Monitoring locations shown on Figure 6.1 in main text.
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B.1.2.2 Detention Pond Influent Sampling Locations and Analytes

Five stations are used to monitor surface water influent to the detention ponds (see Table B-
1). Originally, automated sampling was performed at these locations as part of the Event-
Related Surface Water Monitoring program conducted from the early 1990’s through 1994.
Under this program, the normal sampling protocol was flow-paced storm-event sampling for
radionuclides, metals, and water quality parameters. Data reports, some with data analysis,

were produced for Water Years 1991-92, 1993, and 1994 (EG&G, 1993, 1994, and 1995).

During Water Years 1995 and 1996, these locations were operated as Tier I IA IM/IRA

monitoring stations located on the five main drainage pathways to the ponds.

B.1.2.3 Detention Pond Effluent Sampling Locations and Analytes

Detention Pond effluent data analyzed for this study were collected at the outfalls of the
three detention ponds furthest downstream in their respective drainages: Ponds A4, B-5,
and C-2, commonly referred to as the “Terminal” Ponds. Surface water runoff from the
IA ultimately is collected in these Terminal Ponds, where it is sampled prior to batch
discharge from the Site. The majority of water discharged offsite from the North and South
Walnut Creek drainages is routed through Pond A-4. Direct offsite discharges from Pond
B-5 occur occasionally (typically once every one to two years), during periods of high
precipitation, when the pond system is filled to the limit of safe capacity and an emergency
discharge is required. Scheduled offsite discharges from Pond C-2 also occur, on average,

once a year.
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B.1.3 Sampling Methodologies

B.1.3.1 Industrial Area Runoff and Detention Pond Influent Sampling .

Two distinct automated sample collection methods, continuous and storm-event sampling,
are employed per the draft IMP to monitor actinide activity of surface water runoff from
the IA into the detention ponds (Kaiser-Hill, 1997). Though analytical results from both
sampling protocols may be used to identify changing trends in surface water actinide
activity, the two protocols generate results which generally serve different purposes and
require unique interpretations.

Both continuous and storm-event samples are composites of multiple flow-paced discrete
grabs collected by automated sampling equipment. However, the time span over which the
discrete grab samples are cc;llected differs between the twb methods. The objective of
storm-event sampling is to collect a flow-paced composite for the time of increasing stage
(rising limb) during a storm-event hydrograph. In contrast, continuous flow-paced
composites are comprised of grab samples taken over the entire hydrograph for an
estimated discharge volume. When a continuous flow-paced composite is removed from

the field, a new composite is started immediately.

Analytical results of continuous flow-paced samples are representative of what may be
considered the average activity of a given analyte for the surface water discharge over the
sampling period. This information can be used to estimate the total mass of constituent

migration in the surface water during the sampling period.

In contrast to continuous sampling, storm-event sampling is performed to assess storm-
event mobilization of constituents. The goal of sampling during the rising limb of the
hydrograph is to collect composite samples containing only aliquots with the likelihood of
having the greatest concentration of mobilized, dissolved, or particle-bound constituents.

Because this sample type contains exclusively storm-event mobilized actinides, analytical
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results may provide insight as to the mechanisms of mobilization and transport.
Additionally, these types of samples may be used to evaluate relationships between flow

rates, radionuclides, and water quality parameters.

B.1.3.2 Detention Pond Effluent Sampling

Data presented for detention pond effluent sampling are from grab samples collected once
per day, then composited, for discharges from Terminal Ponds A-4, B-5, and C-2 from
1991 through 1996 (dates vary for each pond and are noted in Table B-1).

B.1.4 Flow Monitoring

Past sampling and flow monitoring indicate that, as the magnitude of flow increases, the level
of plutonium and americium activity in surface water tends to increase (DOE, 1996). The
relationship between uranium and flow is variable and dependent on location than plutonium
and americium. This phenomena is caused by increased suspended solids in surface water at
higher flow rates. Flow monitoring therefore represents an important component of the

overall surface water actinide transport analysis.

B.14.1 Flow Monitoring for Industrial Area Runoff and Detention Pond influent -

Flow rates are automatically measured at the monitoring stations for IA runoff and detention
pond influent. For each sample collected, a corresponding flow rate is recorded at the time of
sample collection. The existence of quantifiable relationships between flow and surface

water actinide activity, unique for each monitoring location, can hence be examined.
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Surface water flow rates at the six gaging stations monitoring runoff from the IA (see Table
B-1) vary significantly in magnitude and occurrence. Baseflow is generally not observed at
these stations; recorded flow at these locations is attributed exclusively to stormwater
runoff. The flow rates and annual yields for these locations are directly dependent on sub-
drainage characteristics such as area, gradient, and percent imperviousness. Annual yields

for these stations are presented in Table B-1.

In contrast to the IA runoff stations, two of the detention pond influent stations, SW093
(North Walhﬁt Creek) and GS10 (South Walnut Creek), receive nearly continuous baseflow
throughout the year. The other three détention pond influent stations discussed in this
report (SW091, SW022, and SW027) receive intermittent flow.

For comparisén between all IA runoff and detention pond influent stations, average annual

yields (acre feet per year) are presented in Table B-1.

B.1.4.2 Flow Monitoring for Detention Pond Effluent

Correlations between flow and radionuclide activity are not presented for effluent from the
Terminal Ponds. Water discharged from the ponds comes from the mid- to upper portion
of the water column (utilizing a standpipe for Pond A-4 outlet works discharges and
floating inlets for pumping from Ponds B-5 and C-2). Consequently, flow rates of pond
effluent water do not influence suspended solids concentration or radionuclide activity in

water being discharged from the ponds.

B.2 ACTINIDE TRANSPORT ANALYSIS

Analysis of data involving actinide transport in surface water is divided into the following

categories:
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e Impact of watershed changes on radionuclide transport (at those sites where employed).

Based on relevant surface water actinide sampling results, correlations of relationships

between radionuclide activities, TSS, and flow are discussed below.

B.2.1 Variation of radionuclide activity by location and sampling methodology

A summary of radionuclide activities measured at surface water sampling stations is provided

in Table B-2. This provides an insight into the relative magnitude of activities, categorized

by drainage, measured at IA runoff stations versus detention pond influent and effluent

locations. Dates of operation for these gaging stations were identified in Table B-1.

Table B-2 Radionuclide Activities by Surface Water Sample Location

Station .| ‘Drainage [ ample T3
e A , “Uraniom. -
S e G S (pCilL) -
Industrial Area Runoff Sample Locations
GS27 SWC Storm Only 13 24.98 9.06 1.47
(n=12)
GS28 SWC Storm Only 11 0.156 0.061 0.676
GS21 SID Storm Only 10 0.033 0.023 0.801
GS22 SID Storm Only 8 0.0128 0.0178 0.710
GS24 SID Storm Only 11 0.0931 0.031 1.4811
GS25 SID Storm Only 9 0.018 0.012 1.518
Detention Pond Influent Sample Locations
Swo093 NwC Storm & 36 0.409 0.198 3.266
Continuous
SW093 NWC Storm Only 17 0.816 0.396 ©2.149
SWQ93 NWC Continuous 19 0.044 0.020 4.265
SW091 NWC Storm Only 8 0.498 0.515 4.771
GS10 SwWC Storm & 67 0.195 0.166 2.336
Continuous (n=66)
GS10 SwC Storm Only 49 0.228 0.200 2.069
(n=48)
. GS10 SWC Continuous 17 0.112 0.075 2.975
September 1997 B-11




RF/RMRS-97-074.UN
Summary of Existing Data on Actinide Migration
at the Rocky Flats Environmental Technology Site

Station Drainage Sample Type | # of samples (n) Avg, Pu-239,- Avg. Am-241 Avg, Total
, 240 (pCi/L) : Uranium
(pCi/L) (pCi/L)
Swo022 SWC Storm Only 16 0.187 0.075 0.958;
(n=15)
Swo027 SID Storm & 18 0.305 0.058 2.859
: Continuous (n=17)
SwW027 SID Storm Only 14 0.385 0.074 3.247
(n=13)
SwWo027 SID Continuous 4 0.022 0.005 1.502
Detention Pond Effluent Sample Locations
Pond A-4 NWC Compos. grabs 139 0.007 0.008 1.789
Pond B-5 SWC Compos. grabs 9 0.022 0.011 2.272
Pond C-2 SID Compos. grabs 9 0.100 0.017 2.797

Notes: 1) Averages are calcu

ated as arithmetic averages of individual carboy resuits.
2) As noted, in some cases, the analyte’s average activity is based on a different number of “n” samples.

B.2.1.1 Plutonium and Americium Observations

From data presented in Table B-2, the following general observations may be made from

the Pu-239/240 and Am-241 activities measured at surface water monitoring locations.

e At stations where both storm event and coﬁtinuous flow samples have been
collected (stations SW093, GS10, SW027 - located at the influent to Ponds A4, B-

5, and C-2, respectively), storm event samples contain significantly higher

plutonium and americium activities than continuous flow samples collected at the

same location. This variation is consistent when plutonium and americium are

preferentially associated with particulate matter in the water column.

Radionuclide activities in detention pond stormwater influent may be’one to two

orders of magnitude higher than the activities associated with the detention pond

effluent. This indicates that the settling of particulate matter occurring in the ponds

removes radionuclides from the water column®.

2 Pond C-2 is the exception; effluent activities from this pond are skewed higher by samples collected in Spring

1995.
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From the data in Table B-2, the following location-specific observations may be made from

the Pu-239/240 and Am-241 activities measured at surface water monitoring locations.

e Plutonium and americium activities measured at IA runoff station GS27 during
storm events are the highest measured at any automated monitoring location; a
maximum value of 90 pCi/L was measured on June 28, 1997. Initially, a
significant source upgradient of GS27 was suspected, however, surveys and soil

sampling did not indicate the presence of a ‘hot spot’ or significant source.

e By simply comparing the arithmetic average plutonium activities for storm event
samples at IA runoff station GS27 and pond influent station SW022, coupled with
each location’s corresponding annual surface-water yield, suggests the GS27 sub-

. drainage may be contributing a significant portion of the plutonium load to SW(022
(and hence to the South Walnut Creek drainage).

o SWO022 has plutonium and americium activities of similar magnitude to GS10, and
represents approximately 34 % of the surface water runoff entering South Walnut
Creek from the IA. Although SW022 measures runoff from the portion of the Site
associated with uranium, it still represents a significant portion of the total actinide

load, inclusive of plutonium and americium, to South Walnut Creek.

e Although station SW091 (Pond A4 influent) has activities of similar magnitude to
the other Pond A-4 influent location (SW093), SW091 represents only 1% of the
surface water entering North Walnut Creek from the IA; and therefore comprises

only a small portion of the total actinide load to North Walnut Creek.

. e Comparing the arithmetic average plutonium activities for stormwater samples at 1A

runoff stations GS21, GS22, GS24, and GS25 (sub-basin monitoring upstream from
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station SW027) with station SW027 (Pond C-2 influent), coupled with each
location’s corresponding annual surface-water yield, suggests that none-of these 1A
locations is contributing a significant portion of the plutonium load to SW027. Thi;
in turn, suggests that the source for the activity measured at SW027 probably
originates downstream from these gages (GS21, GS22, GS24, and GS25) in areas-
affected by contamination from the 903 Pad.

e Although Pond C-2 generally shows higher plutonium activities than Ponds B-5 and
A-4, station SW027 (influent to Pond C-2) has lower average plutonium activities
for continuous samples than do the stations that monitor the influent to Ponds A-4
and B-5 (SW093 and GS10, respectively).

B.2.1.2 Uranium Observations

From the data presented in Table B-2, the following general observations may be made

from the uranium activities measured at surface water monitoring locations.

Surface water data from monitoring locations with baseflow near the Solar Ponds suggest
as surface water flow rate increases due to storm events, uranium activity decreases with
dilution of baseflow. This trend is evident in the results from gaging staﬁon SW093
downgradient from the Solar Ponds. This phenomenon may be due to groundwater, which
supplies the baseflow and is the primary source for uranium observed in the surface water.
This conclusion is further supported by data from monitoring locations with ephemeral
flow which exhibit no significant relationship between total uranium and flow rate. At
stations with baseflow, the primary mechanism for uranium contamination of surface water
may not be mobilization of particle-bound nuclides by storm events, but transport via

groundwater supply of baseflow.
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From the data presented in Table B-2, the following location-specific observations may be

made from the uranium activities measured at surface water monitoring locations.

e  Total uranium increased significantly at SW093 (Pond A-4 influent) for continuous
samples compared to storm events. This result suggests that uranium may be
preferentially associated with baseflow at this location, especially groundwater
seeps. This is consistent when storm events occur, overland runoff causes dilution
of the uranium contained in the baseflow and, hence, the storm event samples
contain lower total uranium activity than the continuous flow samples. The
proximity of SW093 to the Solar Ponds could also be influencing the total uranium
data due to a hydraulic connection (e.g., seep) between the Solar Ponds, a uranium

source, and North Walnut Creek upstream of SW093.

. e Measurably less uranium is observed at SW027 (Pond C-2 influent) for continuous
samples compared to storm events. This suggests that for this location uranium
may be preferentially associated with storm runoff. It may also indicate that the
source of baseflow may be low in uranium, or that baseflow from natural sources is
minimal at this location. In fact, SW027 does not receive baseflow much of the
year, and when it does, this baseflow (or a significant portion) may originate as a

domestic leak flowing into the 400 Area stormwater collection system.

Uranium in surface water drainages is associated with baseflow in areas that drain the Solar
Ponds (SWQ093, GS10), but appears to be associated with storm runoff in the areas south of
Building 881 and the Original Landfill (monitored by SW027), where there is known
surface uranium contamination. Total uranium activity is similar for the effluent from all
three terminal detention ponds (Ponds A-4, B-5, and C-2). In North Walnut Creek, Pond
A-4 (1.8 pCi/L) contains roughly one-fourth the total uranium activity of the continuous
. flow for SW093, (4.3 pCi/L) which is located below the Solar Ponds. In South Walnut
Creek, Pond B-5 (2.3 pCi/L) total uranium activity is slightly lower than the continuous
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flow sampled at GS10 (3 pCi/L). In the SID, Pond C-2 (2.8 pCi/L total uranium) contains
slightly lower total uranium than is recorded for SW027 (3.2 pCi/L).

B.2.2 Rélationships between radionuclides, suspended solids, and flow

In order to understand the relationships between the actinides of concern, suspended solids
and flow, plots were developed relating these variables to one another for each of the surface

water sampling stations. These plots included:

e Plutonium activity versus flow;

e Americium activity versus flow;

o Total uranium activity versus flow;
e Plutonium activity versus TSS; and

e Americium activity versus TSS.

The results of these evaluations are summarized in Table B-3. Where trends from the
regressions, whether positive or negative, were observed, they are noted with (+) or (-) signs,
respectively. When fhe regression R? value is greater than 0.90, the trend is noted with (+)
or (-) signs underlined and the R? value is listed in the Correlation Notes column of the
table. Potential implications of these relationships are also noted in the last column. A
detailed discussion of these relationships is provided and summarized according to each

sampling location.

A discussion of these relationships, as observed for each sampling location, is provided in the
following sections. Although plutonium, americium, and uranium, were plotted versus flow,
only plutonium and americium were plotted against TSS because a uranium/TSS relationship

has historically not been observed. In those cases where, for a specific monitoring location, a
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trend between an actinide versus flow or TSS was not observed, then a discussion of the

trend is frequently not discussed.

B.2.2.1 Station GS27

Gaging Station GS27 is located in a ditch northwest of Building 889. GS27 was installed
as an IA IM/IRA Tier I location, and is currently operated under RFCA as a Performance

Monitoring location. This small IA sub-basin has no baseflow.

Table B-3 Summary of regressions between radionuclides, flow, and
suspended solids.

I~ Correlation Notes/

v({mpljca ions)

Industrial Area Runoff Sample Locations

GS27 sSwC Storm Only 13 (+) +) none (+) Am vs. TSS: R< =0.89
(Minimizing erosion could
minimize rad transport)

GS28 SWC Storm Only 11 none none none [Ga] Pu vs. TSS: R% =0.92

(Minimizing erosion could
minimize rad transport)

GS21 SID Storm Only 10 *) (+) none none low activity in samples

GS22 SID Storm Only 8 ) +) none none low activity in samples

GS24 SID Storm Only 11 (+) (+) none none low activity in samples

GS25 SID Storm Only 9 (+) ) none none low activity in samples

Detention Pond Influent Sample Location

SW093 NwWC Storm & 36 none none “-) +) (Tot. U contained in
Continuous baseflow, diluted by

stormwater)
“SWO091 NWC Storm Only 3 (+) ) none (+) | Puvs. flow: R2=0.96

Pu vs. TSS: R2=0.92
(Minimizing erosion could
minimize rad transport)

GS10 SWC Storm Only 48 none none none ) Pu vs. TSS: R4 =0.89

SW022 SWC Storm Only 16 none none none ) (Large basin variability
possible cause for weak
correlations).

Sw027 SID Continuous 4 ) +) -) none | (Low TSS at SW027
makes TSS trending
difficuit.)

Notes: (1) Activities are measured as pCi/L; Flow is measured as cfs; TSS is measured as mg/L.

(2) Where trends from the regressions, whether positive or negative, were observed, they are noted with (+) or (-) signs, respectively. (3)
When the regression R? value is greater than 0.90, the trend is noted with (+) or (-) symbols underlined and the R? value is listed in the
Correlation Notes column of the table.
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General Water Quality Summary for GS27

Stormwater activities measured at GS27 are the highest measured at any monitoring
location to date; a maximum value of 90 pCi/L has been measured. Initially it was
assumed that a significant source had been discovered. However, soil sampling did not
indicate a “hot spot” or significant source. Therefore it was theorized that the source was
distributed over a large portion of the drainage basin, because several samples were
collected that exceeded 1 x 10! pCi/L plutonium activity. In response, watershed
improvements, including the removal of sediments and the application of a soil sealant,
were implemented (as described in B.3.2). Surface water monitoring is ongoing to

determine the effectiveness .of these measures (as described in B.3.3).

Comparing the arithmetic average plutonium activities for storm samples at GS27 and
SWO022, coupled with each location’s corresponding annual surface-water yield, indicates
that the GS27 sub-drainage is contributing a significant portion of the plutonium and

americium load to SW022.

Relationship Between Radionuclides and Suspended Solids for GS27
Results of plutonium, americium, and TSS analyses of storm water from GS27 exhibit good

correlation between actinide activity and suspended solids. Data from GS27 are presented in
Figure B-2. The strong correlation may be attributed to the small drainage area (less than 1
acre each) monitored by this station; however, it should be noted that only limited data sets
are available for this location, and the relationship is influenced by samples with high

activity.

Relationship Between Radionuclides and Flow Rates for GS27

Total uranium exhibits a weak correlation between activity and flow. The lack of

relationship between uranium and flow can be attributed to a lack of uranium source in the
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GS27 sub-basin; measured uranium activities are low whether there is high flow or not.
No baseflow exists that contains elevated uranium activity. Plutonium and americium also
exhibit weak correlations, but positive trends, between activity and flow (Figure B-3).
Plutonium and americium do exist in this basin, and the positive trend between these
actinides and flow supports the theory that plutonium and americium are associated with

particulate matter that is increasingly mobilized as flow increases.

Gaging Station GS27: Storm-Event Samples
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Figure B-2. Station GS27: Variation of Pu-239,240 and Am-241 Activities with TSS
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Gaging Station GS27: Storm-Event Samples
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Figure B-3. Station GS27: Variation of Pu-239,240 and Am-241 Activities with Flow
B.2.2.2 Station GS28

Gaging Station GS28 is located in a ditch northeast of Building 889. GS28 was installed
under the IM/IRA as a Tier II location, and is currently operated under RFCA as a

Performance Monitoring Location.

Relationship Between Radionuclides and Suspended Solids for GS28

Results of plutoniuin, americium, and TSS analyses of storm water from GS27 and GS28
eihibit good correlations and similar trends between actinide activity and suspended solids.
Data from GS28 is presented in Figure B-4. The strong correlations may be attributed to
the small drainage areas (less than 1 acre) monitored by this station; however, it should be
noted that only limited data sets are available for this location, and the relationships are

strongly influenced by samples of higher activity.
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Gaging Station GS28: Storm-Event Samples
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Figure B-4. Station GS28: Variation of Pu-239,240 and Am-241 Activities with TSS
B.2.2.3 Stations GS21, GS22, GS24, and GS25

Gaging Stations GS21, GS22, GS24, and GS25 were all located within small drainages
entering the SID. GS21 was in a small culvert southeast of Building 664; GS22 was in the
outfall from the 400 Area at the SID; GS24 was in a small culvert south of Building 881,
and GS25 was .in the ditch southeast of Building 881. Storm-event samples were collected
at these locations when they were operated to collect surface water baseline information for

the IA IM/IRA from 1995 to 1996.

General Water Quality Summary for GS21, GS22, GS24. and GS25

Comparison of the arithmetic average plutonium activities for storm samples at the above

locations and SW027, coupled with each location’s corresponding annual surface-water

yield, indicates that none of these locations are contributing a significant portion of the
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plutonium load to SW027. This supports the conclusion that the source for the activity
measured at SW027 probably originates downstream from these gaging stations (GS21,

GS22, GS24, and GS25) in areas affected by contamination from the 903 Pad.

Relationship Between Rédionuclides and Suspended Solids for GS21, GS22, GS24
and GS25

Data from storm-event samples from GS21, GS22, GS24, and GS25 exhibit no significant
correlation between radionuclides and TSS. Only results from GS24 show even an
apparent positive trend for plutonium versus TSS. These gaging stations all monitor fairly
small basins; however, the lack of good correlations may be attributed to the overall low
radionuclide activity in all the samples. Even the samples with the highest activities
yielded actinide levels of similar magnitude to the reported analytical error. As a result,

comparison of variation among the samples is not meaningful.

Relationship Between Radionuclides and Flow Rates for GS21, GS22, GS24, and
GS25

These IA sub-basins are similar to GS27 with respect to size, lack of baseflow, and similar

radionuclide activity to flow relationships. Total uranium exhibits a weak correlation
between activity and flow. The lack of relationship can be attributed to a lack of uranium
source in these sub-basins; measured uranium activities are low whether there is high flow
or not. Baseflow does not exist that contains elevated uranium activity. Plutonium and
americium also exhibit weak correlations, but with positive trends, between activity and
flow (Figure B-5). The positive trend between plutonium and americium with flow
supports the theory that plutonium and americium associates with particulate matter that is
increasiqgly mobilized as flow increases. Although discussions of results are provided for
stations GS21, GS22, GS24, and GS25, only the activity versus flow plot for GS24 is

provided because it is representative of the trend observed at each of these stations.
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Gaging Station GS24: Storm-Event Samples
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Figure B-5. Station GS24: Variation of Pu-239,240 and Am-241 Activities with Flow
B.2.24 Station GS32

Only one Performance Monitoring location is currently installed in the IA which is
tributary to North Walnut Creek. Monitoring location GS32 was installed toward the end
of FY96 to support D&D activities for Building 779, with three samples collected to date
and only one result returned to date. Due to difficulties with the discharge point, accurate
flow measurement is impractical and, therefore, samples are time-paced. Although TSS
and radionuclide data are collected, lack of flow measurement will make transport analysis
for this location difficult. Historically, no automated sampling has occurred in these sub-

drainages.
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B.2.2.5 Station SW093

General Water Quality Summary for SW093

Gaging station SW093 is located along North Walnut Creek, upstream from the A-1
bypass, and monitors surface water from the north part of the IA. Previously SW093
served as a gaging station for the Event-Related Surface-Water Monitoring Program and as
a Tier I location for IM/IRA. Currently, SW093 is a POE and NSD location under RFCA,

collecting continuous flow-paced samples.

The summary values in Table B-2 indicate that there is a significant increase in plutonium
and americiurﬁ in storm-event samples at SW093 compared to continuous samples. This
variation is expected if it is assumed that plutonium and americium are preferentially
associated with particulate matter in the water column. Storm-event samples consist of
grabs taken during high flow rates on rising limbs and therefore have higher TSS

concentrations.

Total uranium activity at SW093 is significantly higher for continuous samples compared to
storm-event samples. This suggests that uranium, at this location, may be preferentially
associated with baseflow. If uranium was associated with groundwater seeps, it would be
at higher activities during baseflow than during storm events where large amounts of
overland runoff is available for dilution. The proximity of SW093 to the Solar Ponds could
also be influencing the total uranium data due to a hydraulic connection (e.g., seep)

between the Solar Ponds, a uranium source, and North Walnut Creek upstream of SW093.

Relationship Between Radionuclides and Suspended Solids for SWQ093

Plutonium and americium activities from storm-event samples collected from gaging station

SW093 show a general positive trend for activity versus TSS, although statistical correlations

for these relationships are weak. It is hypothesized that the absence of a statistically
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significant relationship may be attributed to the relatively large size of the drainage basin. A
larger basin is likely to exhibit greater variability in contaminant distribution as well as
rainfall intensity distribution among events. These factors combine to yield variable
exposure of runoff waters to contaminated soils. For instance, a large storm event may
produce rainfall on those areas of the drainage basin with minimal radionuclide content in the
soil, while another, similarly large storm event may produce rainfall primarily on areas in the
basin with significant contamination. Both events of similar intensity might suspend similar
concentrations of solids; however, the actinide levels in the samples would be quite different.
Consequently, storm-event samples from large basins may not be as readily comparable as

those from smaller drainages.

Relationship Between Radionuclides and Flow Rates for SW093

Monitoring results from station SW093, which include storm-event and continuous flow-
paced samples, show a negative relationship between flow and total uranium activity
(Figure B-6). Station SW093 receives near-continuous baseflow. These results indicate
that runoff from storm events dilutes the total uranium activity in the baseflow and causes
lowered activities at higher flow rates. A possible explanation for this phenomenon is that
contaminated groundwater supplying the baseflow constitutes the primary source for total

uranium observed in the surface water.
No relationship was observed for plutonium and americium activities as a function of flow

at station SW093. This is expected as SW093 monitors a large, complex basin and no

significant relationship was observed between plutonium/americium activities with TSS.
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Totai Uranium Activity in pCill Gaging Station SW093: Continuous and Storm-Event Sampies
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Figure B-6. Station SW093: Variation of Total Uranium Activity with Flow
B.2.2.6 Station SW091

Gaging station SWQ91 is located in a gully northeast of the Solar Ponds, and is tributary to
North Wainut Cféek. SWO091 previously served as an IA IM/IRA location and now serves
as a NSD Location under RFCA, collecting storm-event samples. The drainage basin is
comprised largely of the dirt yard east of the Solar Ponds.

General Water Quality Summary for SW091

Although SW091 shows activities of similar magnitude to SW093, it represents
approximately 1% of the surface water entering North Walnut from the IA, and therefore
only a small portion of the total sediment load to North Walnut Creek.
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Relationship Between Radionuclides and Suspended Solids for SW091

Significant, positive correlations for plutonium and americium activities with TSS exist for
storm-event samples collected from gaging station SW091 (Figure B-7). Like SW093,
gaging station SW091 monitors surface-water influent to the A-series ponds in North
Walnut Creek; SW091, however, drains a smaller basin. The smaller size of the basin may
account for the improved correlation due to reduced spatial variability of precipitation
intensity. These correlations are based on relatively small data sets (n=28); consequently,

the relationship is strongly influenced by the points of high activity.

Gaging Station SW091: Storm-Event Samples
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Figure B-7. Station SW091: Variation of Pu-239,240 and Am-241 Activities with TSS

Relationship Between Radionuclides and Flow Rates for SW091

Reéults from station SW091, in contrast to station SW093, showed a weak relationship
between total uranium and flow. These results are to be expected. Station SW(091

monitors a small sub-basin with ephemeral flow. Because no baseflow exists at this
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location, the dilution of baseflow containing total uranium (as seen at station SW093) does

not occur.

Plutonium and americium activities exhibit positive correlations with flow at station SW091

(see Figure B-8). This is expected based on trends observed at other gaging sites.

Gaging Station SW091: Storm-Event Samples
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Figure B-8. Station SW091: Variation of Pu-239,240 and Am-241 Activities with Flow
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B.22.7 Station SW022

Gaging Station SW022 is located at the inner east fence along Central Avenue Ditch
monitoring storm-water runoff from the IA. Previously, storm-event samples were
collected at SW022 as an IM/IRA Tier I location. Currently, SW022 is a NSD Location
under RFCA.

General Water Quality Summary for SW022

SWO022 shows activities of similar magnitude to GS10, and it represents approximately
34% of the surface-water runoff entering South Walnut Creek from the IA. Although
SWO022 measures runoff from the part of the Site where uranium use has historically
occurred, it still represents a significant portion of the total plutonium and americium load

to Soﬁth Walnut Creek.

Relationship Between Radionuclides and Suspended Solids for SW022
Results of plutonium/americium and TSS from gaging station SW022 are similar to those

collected from SW093. A positive trend for plutonium versus TSS is apparent; however,
both plutonium and americium exhibit statistically poor correlations with TSS. As with
SW093, the large size and variability of the drainage basin for SW022 (encompassing the
entire south central portion of the IA) may account for the weak correlation between

actinide activity and TSS.

Relationship Between Radionuclides and Flow Rates for SW022

Total uranium and flow exhibit no relationship at SW022. This is expected as flow at this
site is ephemeral. Sources of groundwater with measurable levels of total uranium are not
available for dilution by runoff; therefore, a negative correlation between total uranium and

flow (as exists at station SW093) does not exist.
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Plutonium and americium activities do not exhibit a good correlation with flow at station
SwW022.

B.2.2.8 Station GS10

Gaging station GS10 located along South Walnut Creek, upstream of the B-1 bypass, and

monitors surface-water runoff from the IA. Storm-event samples were collected at GS10 as
part of the Event-Related Surface-Water Monitoring Program and as a Tief I location under
IA IM/IRA. Currently, GS10 serves as a POE and NSD Location under RFCA, collecting

continuous flow-paced samples.

General Water Quality Summary for GS10

The values in Table B-2 indicate that there is a measurable increase in plutonium and
americium in storm-event samples compared to continuous samples. This variation is
expected if it is assumed that plutonium and americium are preferentially associated with
particulate matter in the water column. Storm-event samples consist of grabs taken during

high flow rates on rising limbs and therefore have higher TSS concentrations.

Relationship Between Radionuclides and Suspended Solids for GS10

Gaging station GS10 also monitors surface water from a fairly large drainage basin;
however, dramatically better correlations for plutonium and americium versus TSS are
observed from storm-event samples as compared to SW093 (Figure B-9). One possible
explanation is that a significant actinide source exists near the GS10 sampling point. Such
a source, downstream from the confluence of drainage sub-basins, Would lead to regular
contaminant mobilization with each event, regardless of precipitation distribution in the
basin, because all water flowing to station GS10 would pass through the same contaminated
source area. This theory is supported by the Site Historical Release Report (DOE, 1992),
which indicates potential actinide sources may exist in the South Walnut Creek drainage,

upstream from station GS10 and downstream from Building 991. Causes of these actinide
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sources are attributed to discharges of untreated laundry wastewater below Building 995
from 1953 to 1965 and resuspension of contaminated sediments resulting from drainage

reconstruction activities from 1971 to 1973,

Gaging Station GS10: Storm-Event Samples
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Figure B-9. Station GS10: Variation of Pu-239,240 and Am-241 Activities with TSS

Relationship Between Radionuclides and Fiow Rates for GS10

No strong correlations were observed between total uranium and flow at station GS10. At
low flow rates (less thah 1 cfs), the average total uranium activity measured at GS10 is
approximately 2 pCi/L. This contrasts with station SW093, where a strong, negative total
uranium to flow relationship exists, and total uranium activity at low flow rates is
approximately 4 pCi/L, or twice the activity of GS10. GS10 may not receive the ground

water discharges, elevated in uranium that are apparently observed at SW(93.
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Plutonium and americium activities do not exhibit good correlations with flow at Station
GS10. GS10 is in a relatively large basin receiving runoff from much of the IA.
Variability in rainfall intensity and duration within the basin may be the cause of this poor

relationship.

B.2.2.9 Station SW027 -

Gaging Station SW027 is located on the SID just upstream from Pond C-2 and monitoring
surface-water runoff from the south part of the IA. Previously SW027 served as a gaging
station for the Event-Related Surface-Water Monitoring Program and as a Tier I location

under the IM/IRA, collecting storm-event samples. Currently, SW027 is a POE and NSD

Location under RFCA, collecting continuous flow-paced samples.

General Water Quality Summary for SW027

The values in Table B-2 indicate there is a significant increase in plutonium and americium

in storm-event samples at SW027 compared to continuous samples.

There is a measurable increase in total uranium at SW027 for storm events compared to
continuous samples. This suggests that, for this basin, uranium may be preferentially
associated with storm runoff, that it may indicate that the source of baseflow may be low in
uranium, or that natural baseflow is minimal at this location. In fact, SW027 does not
receive baseflow much of the year, and when it does, it is assumed that this baseflow (or a
significant portion) originates as a domestic leak to the 400 Area stormwater collection

system.

Relationship Between Radionuclides and Suspended Solids for SW027

Plutonium and americium activities from storm-event samples collected from gaging station
SWO027 show a general positive trend for americium versus TSS, with moderately good

correlation. No significant relationship is observed between plutonium and TSS. Two
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factors may explain the lack of strong correlations. First, as discussed for monitoring
results from other drainages, SW027 monitors a large basin, and the variability of sediment
contamination across this drainage is documented (Efurd, et al., 1993). Second, TSS a
values from the storm water samples at SW027 are all fairly low and, as a result,

comparison of variability is more difficult.

Relationship Between Radionuclides and Flow Rates for SW027

When analyzing data from storm events, none of the radionuclides exhibit a good
relationship with flow at SW027. However, when the available data points (n = 4) of
continuous flow-paced samples are examined, trends in radionuclide activity are observed.
Total uranium trends to a negative relationship between activity and flow for continuous
samples. Plutonium and americium trend to a positive relationship between activity and

flow.

B.2.3 Summary Observations of Relationship Between Radionuclides and TSS

In general, the larger the basin, the more likely it is to exhibit greater variability in
contaminant distribution as well as rainfall intensity distribution among events. These
factors combine to produce variable exposure of runoff waters to contaminated soils. For
instance, a large storm event may produce rainfall on those areas of the drainage basin with
minimal radionuclide content in the soil, while another, similarly large storm event may
produce rainfall primarily on areas in the basin with significant contamination. Both of
these events of similar intensity might suspend similar concentrations of solids; however,
the actinide levels in the samples would be quite different. Consequently, storm event
samples frbm large basins may not be as readily comparable as those from smaller

drainages.
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Stations SW093, SW022, and SW027- The absence of a statistically signiﬁcan_t

relationship may be attributed to the relatively large size of the drainage basins tributary to

these locations. In fact, the variability of sediment contamination across the drainage is

documented (Efurd, et al., 1993).

Station GS10 - The relatively strong correlation for this upgradient of the SW057 location
may be due to a significant actinide source near the GS10 sampling point. Such a source,
downstream from the confluence of drainage sub-basins, would lead to regular contaminant
mobilization with each event, regardless of where the precipitation occurred in the basin,
because all water ﬂoWing to station GS10 would pass through a common contaminated
source area. This explanation is supported by the Site Historical Release Report (DOE,
1992), which indicates potential actinide sources may exist in the South Walnut Creek
drainage from historical discharges of untreated laundry wastewater below Building 995
from 1953 to 1965 and resuspension of contaminated sediments resulting from drainage
reconstruction activities from 1971 to 1973 (DOE 1992).

Station SW091 - The smaller size of the basin may account for the improved correlation
due to reduced variability of precipitation and runoff intensity. It should be noted that
these correlations are based on relatively small data sets; consequently, the relationship is

strongly influenced by the points of high activity.

Stations GS27 and GS28 - The strong correlations for these stations may be attributed to
the small drainage areas (IA runoff sub-basins in the South Walnut Creek drainage,

comprising less than 1 acre each) being monitored. However, it should be noted that only
limited data sets are available for these locations (GS27, n = 13; GS28, n = 11), and the

relationships are influenced by samples with high activity.

Analyses of sediment samples collected near GS27 may indicate that plutonium and

americium are associated with a specific, more mobile fraction of the soil. Samples of
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sediment materials were taken from a drainage gutter on the south side of Building 884 and

analyzed for actinide activities. These activities are detailed in section B.3.3.1.

These results do not show sufficient actinide content to account for the plutonium and
americium levels observed in stormwater samples given the measured TSS concentrations.
This apparent discrepancy may be due to radionuclides selectively associating with a
specific fraction of the sediment which is essentially concentrated in the more easily
mobilized TSS. This fraction may simply be the smaller particles which possess greater

surface area for radionuclide attachment.

Stations GS21, GS22, GS24, and GS25 - Although these gaging stations all monitor fairly
small basins and a better relationship with TSS might be expected, the lack of good
correlations may be attributable to the overall low radionuclide activity in all the samples.
Even the samples with the highest activities yielded actinide levels of similar magnitude to
the reported analytical error. As a result, comparison of variation among the samples may

not be meaningful.

B.2.4 Summary Observations of Relationship Between Radionuclides and Flow

SW093 - Monitoring results from station SW093 include storm-event and continuous flow-
paced samples. This station receives near-continuous baseflow. These results indicate that
runoff from storm events dilutes the total uranium activity in the baseflow and causes
lowered activities at higher flow rates. This phenomenon may be caused by contaminated
groundwater that supplies the baseflow and constitutes the primary source for total uranium

observed in the surface water.

No relationship was observed for plutonium and americium activities as a function of flow

at station SW093. This is to be expected as SW093 monitors a large, complex basin and
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no significant relationship was observed at this station for plutonium or americium

activities and TSS.

SW091 - Station SW091 monitors a relatively small sub-basin with ephemeral flow.
Because no baseflow exists at this site, the dilution of baseflow containing total uranium (as

seen at station SW(093) does not occur.

GS10 - Plutonium and americium activities do not exhibit good correlations with flow at
Station GS10. GS10 is in a relatively large basin receiving runoff from much of the IA.
Variability in rainfall intensity and duration within the basin may be the cause of this poor

relationship.

SWO022 - The lack of a relationship at SW022 (Pond B-5 influent) is expected seeing as
flow at this site is ephemeral. Sources of groundwater with measurable levels of total
uranium are not available for dilution by runoff; therefore, a negative correlation between

total uranium and flow (as exists at station SW093) does not exist.

GS27 - This small IA sub-basin has no baseflow; therefore, the weak correlation between

activity and flow is not surprising.

SW027 - The lack of good correlation is attributable to lack of data.. The data set for this
location is four. As a result, comparison of variation among the samples may not be

meaningful.

GS21, GS22, GS24, and GS25 - These IA sub-basins (within the SID basin) are similar to
GS27 with respect to size and lack of baseflow, therefore, the weak correlations are not

surprising.
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B.3 WATERSHED CHANGES AND RADIONUCLIDE TRANSPORT

Erosion control measures have been implemented at RFETS during water yéars 1996 and'
1997 in an effort to stabilize and entrap soils and sediments likely to be transported from
the watershed by storm water runoff. Control measures in the North Walnut Creek, South
Walnut Creek, and South Interceptor Ditch drainage basins. Installation of these measures
is based on studies which indicate that radionuclides may associate with solids suspended in
storm water (DOE, 1996). Storm water data collected at the Site between 1991 and 1995
supports this conclusion (DOE, 1996). Based on these characteristics of radionuclides and
storm water, removing particulate material from storm water runoff should reduce
radionuclide loading to the water. Areas targeted for control measures were those locations
identified as most likely. to contribute material that could provide a transport mechanism for

radionuclides in Site runoff.

B.3.1 Selection of Watershed Improvement Locations

Several sources of information, in conjunction with walk downs of RFETS, were used to
determine locations where watershed improvements should be implemented. These

information resources are listed below:

o Surface water monitoring data from Event-Related Surface Water Monitoring
Reports for Water Years 1991 to 1993 (EG&G 1993, EG&G 1994);
. High purity germanium gamma surveys IA sediment quality data (ERM/ESE,
1994);
e - IA soils data (RMRS, 1994); and
o Historical Release Report (DOE, 1992) information.
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Items of concern noted during Site walk downs included the following items:

o Areas of concentrated fine sediments in drainage pathways;

. Areas which contribute large quantities of runoff (e.g., steep dirt roads, barren

hillsides, roof drains, paved areas, and slopes needing revegetation);
. Erosion on surface radionuclide-contaminated IHSSs;

) Position of surface radionuclide-contaminated THSSs in relation to storm water

drainage pathways; and -

. Opverall erosional condition of storm drainage pathways.

Results of the various investigative surveys were used in conjunction with findings from
RFETS walk downs to identify areas to target for watershed improvements. Specific types

of improvement measures implemented are discussed in the following section.

B.3.2 Types of Watershed iImprovements Implemented

Four types of watershed improvement measures have been implemented during water years
1996 and 1997. Two different hydraulically-applied erosion control products were utilized,
silt fences were installed to capture sediments suspended in runoff, and overgrown
vegétation was removed from the SID to improve the flow capacity in the channel. Brief

descriptions are provided below for the two hydraulically-applied erosion control products.

SoilGugrd“’ is a soil stabilizer and revegetation product hydraulically-applied at locations of
RFETS targeted for erosion control where revegetation was beneficial, such as exposed dirt
areas. This material, a combination of wood fibers mixed with a guar gum tackifier and

fertilizers, is sprayed on by a certified contractor using a hydroseeding truck. The product
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can be used strictly as a soil stabilizer, without seed, or sprayed as a fixative on top of
planted seeds. It dries within several hours to form a bonded fiber matrix, can withstand
heavy rainfall while protecting the top layer of soil, and does not impact water quality.
New vegetative growth can protrude through the matrix without disrupting the surrounding

sealed area.

TopSeal® was applied at areas of RFETS targeted for erosion control where revegetation
was not practical, such as dirt roads. This acrylic copolymer emulsion product is mixed
with water and sprayed on using a water truck. It dries within several hours to seal and

bind the soil together and does not pbse a threat to water quality.

The effectiveness of these measures, where employed, is discussed in Section B.3.3.

B.3.3 Impacts of Watershed Changes on Radionuclide Transport

Two separate monitoring locations, GS27 (IA runoff) and SW027 (influent to Pond C-2),
demonstrate how changes in the watershed impacts water quality. Monitoring results from
these sites reflect the challenge in collecting an adequate number of samples at variable
flow rates, once watershed improvements have been implemented, to properly assess

whether or not improvements are reducing activity in runoff for high and low flows.

B.3.3.1 Impacts of Watershed Improvements on GS27

Station GS27 is of interest because it is a small basin draining less than 1 acre, and samples
were collected before, during, and after improvements were implemented within the basin.

Station GS27 was installed to monitor for possible impacts of the decontamination and
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decommissioning (D&D) at Building 889 (completed in July 1996) and of watershed

improvements implemented in the basin. These watershed improvements included:

o Removing and drumming sediments, measured to contain 5 to 6 pCi/g of plutonium,
accumulated on the asphalt south of Building 884 (completed July 1996); and

° Applying TopSeal® on the exposed dirt areas south of Building 884 (completed
October 1996).

The majority of post-improvement samples were collected at low flow rates. Pu-239/240
and Am-241 activities in samples collected at GS27 before and after the initial

improvements were implemented are shown in Figure B-10.

Although these data points indicate actinide activities as low or lower, for a given flow,
than prior to the improvements, it is impossible to extrapolate this data to define the impact

on water quality of the control measures when higher flows occur.

More data at higher flow rates needs to be collected before conclusions can be drawn.
Station GS27 remains on-line to fill this data gap by collecting samples when a higher flow

rate does occur.

Samples of a secondary deposit of sediment materials were collected from pavement on the
south side of Building 884 and analyzed for actinide activities. These results are presented in

Table B-4.
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Table B-4. Analytical Results from Sediment Samples near Building 884

Sample Number Pu-239, 240 (pCi/g) Am-241 (pCi/g)
SDO01001JE 6.602 +0.263 1.269 £0.133
SD01002JE 5.717 £0.248 1.833 +£0.175
SDO01003JE 5.672 £0.232 1.453 £0.150

SD01003JE- DUPLICATE 5.523 +£0.231 1.850 +£0.200

Gaging Station GS27: Storm-Event Samples
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Figure B-10. Station GS27: Pu-239,240 and Am-241 Activities Before and After
implementation of Watershed Improvements

Although these results do not show sufficient actinide content to account for the plutonium

and americium levels observed in storm samples given the measured TSS concentrations.
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GS27 was installed to monitor for increased actinide transport during the D&D of Building
889.

B.3.3.2 Impacts of Watershed Improvements on SW027

Samples collected since controls were implemented indicate reduced plutonium and
americium activity to flow ratios at Station SW027 since the time when improvements were
first implemented in this basin (Figure B-11). A dirt road running south down the hill from
the 903 Pad, toward Pond C-1, was revegetated during the Summer of 1996 and treated
with SoilGuard®. In addition, dirt roads encircling the 903 Pad were treated with TopSeal®
during the past year. However, it should be noted that the sampling protocol at station
SWO027 changed from storm-event sampling to continuous flow-paced sampling as a result
of RFCA requirements, in the midst of the improvements being implemented; therefore
results have to be reviewed accordingly (storm-event samples generally have higher
activities than continuos flow-paced samples). However, results of storm-event samples
also indicate reduced radionuclide loading following the implementation of improvement

measures. =~

September 1997 B-42



RF/RMRS-97-074.UN
Summary of Existing Data on Actinide Migration
at the Rocky Flats Environmental Technology Site

Gaging Station SW027: Continuous and Storm-Event Samples
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Figure B-11: Station SW027: Pu-239,240 and Am-241 Activities Before and
After Implementation of Watershed Improvements

B.4 SUMMARY OF FINDINGS

A summary of findings for both general and location-specific transport are discussed. It
was assumed that if a relationship between radionuclide activity and TSS holds for a given
location, then radionuclide activity may be correlated with flow rate as well. Although
these relationships might be anticipated for most sampling locations, determination of

whether this relationship exists may be difficult to assess for several reasons:

. A TSS (mg/L) to radionuclide (pCi/L) relationship assumes that the activity is
proportional to the mass of solids independent of available surface area or particle

composition. However, radionuclide association involves the physiochemical
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properties of the particles themselves, and is more complex than a simple pCi/g

relationship.

o Source areas in any particular drainage may have unique physiochemical
characteristics and contamination levels may vary within a drainage making the
water quality characteristics of runoff from a sub-drainage would be unique. When
precipitation events do not occur uniformly over an area (especially for large
drainages), the water quality characteristics measured at a monitoring location will
depend on the origination of that runoff. In fact, there may be several, or many,

concurrent relationships that could be established for a given location.

. Since a given drainage is continually changing, either through natural erosion or
anthropogenically through D&D or construction activities, there may not be time to
collect sufficient information to determine one relationship before it is superseded

by another.

Plutonium and americium transport is related to both TSS and flow rate. In general,
sampling sites in small drainages provide more distinct, positive correlations compared to
sites located in larger basins. The correlation is also stronger in drainages that collect
runoff from areas with widespread, surface radionuclide contamination. Results from
station GS10, a large basin capturing runoff from roughly two thirds of the IA, represent
the exception to this observation by exhibiting a strong correlation between

plutonium/americium activity and TSS.

A positive correlation is observed between plutonium and americium activity and flow rate
across the Site. As with the plutonium/americium relationship to TSS, the
plutonium/americium correlation with flow is markedly better for smaller drainages.
Again, this may reflect diminished contaminant level and rainfall variability inherent in

smaller basin areas.
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The positive correlations of activity with both TSS and flow suggests that transport of
plutonium and americium is facilitated by dislocation and transport of suspended particles

whose suspension is a function of flow rate and precipitation intensity.

Despite mobilization of plutonium and americium detected during storm events in storm
event samples, pond effluent sampling indicates the pond system performs well to attenuate
and settle contaminants in storm water prior to discharge off-site. Contaminant levels
measured in storm water flowing from the ponds are typically decreased at least 10-fold
from that of influent levels.

B.5 REFERENCES

DOE, 1992, Historical Release Report for the Rocky Flats Plant, Rocky Flats Plant Site,

Environmental Restoration Program, Golden, Colorado, June, 1992.

DOE, 1996, Pond Operations Plan: Revision 2, Rocky Flats Environmental Technology
Site, RF/ER-96-0014.UN, Golden, Colorado, September, 1996.

Efurd, D.W., Rokop, D.J., and Perrin, R.E., 1993. Characterization of the Radioactivity
in Surface-Waters and Sediments Collected at the Rocky Flats Facility, Los Alamos

National Laboratory, LA-UR-93-4373.

EG&G, 1993, Event-Related Surface Water Monitoring Report, Rocky Flats Plant: Water
Years 1991 and 1992, EG&G Rocky Flats, Inc., Golden, Colorado, November, 1993.

September 1997 B-45



RF/RMRS-97-074.UN
Summary of Existing Data on Actinide Migration
at the Rocky Flats Environmental Technology Site

EG&G, 1994, Event-Related Surface Water Monitoring Report, Rocky Flats
Environmental Technology Site: Water Year 1993, EG&G Rocky Flats, Inc., Golden,
Colorado, November, 1994.

- EG&G, 1995, Event-Related Surface Water Monitoring Report, Rocky Flats
Environmental Technology Site: Water Year 1994, EG&G Rocky Flats, Inc., Golden,

Colorado, November, 1995.

Kaiser-Hill, 1997, Integrated Monitoring Plan, Revision 1, Rocky Flats Environmental
Technology Site, Kaiser-Hill Company, L.L.C., June, 1997.

September 1997 B-46



APPENDIX C

OVERSIZED FIGURES



§661 399010 "woday HAMY 11 75844 T "ON M) 3jqeaadgy saaumog
depy vonesop dxog

£-7 340913

oy

OGVIOTI0D 'NIAI0D
ALS ADOTONHOZL TYINIWNOAIANT SLYTH ANDOY

ADYIANT 40 INTFIWLAVLAA "SN

04 ATAVJIVd

\W .....
- 3 I |
T R ,«_:«/\. =
T AP TN M\/~ 0
0661 ANMV3 NI Q3SV30
-1 \l)\/\.
L snONSM3d0) "SNOLWS3JO G134 AVNAS 1sv3 s . < )T AT
THES GNIYNG 440NNY. ¥3LVM 30VIENS ANV 39Vd33S W N N
YILVMANNONO IANTIY ISVd HIM O3IVIDOSSY e . PN

" TT=iegg NOILVIZO3A (3UV13¥-d33S QV3Q 30-SVIUV-
e N\ ;

/V%l\h&(/\
.\ - l\

F=hO
°7 o:gzzwmum p
P 318v80Y

%ﬂv
SO

i

P
3 Rd 7

>
) \
s
M \ : \\\«
/7 \\\ 4
\\ ,\\ 7
/ Ve e
7 / /7
+.7 0
- \\\ \ ..\.
I Ve :&r,wmn
— e s
(Sl r—
gt g
- 3 . \
e s
- s
d
..\\
oo,ur.\
s~ s
/ ¢
5
{
Vs
/
- B
. : P
B g o
\ - =

wIAngy Sio|4 \Axuom
L"ON WMIAN|Y 220143)

ZTON WNIADYY 220203}

CTON WNANY 300443}

MO0 WVINNIY3d 3181SSOd

AT 39VNIVYA 3DOV45AS I/A\ (padojaaag asy SADOS POSH J9ym PaydioH) sdwmg

1150d AHYNYILY

-t

A110nQ |9ADIO

(episipH jo Aydosbodo) puo woypnog 2uoispuns
JO UO1}D3Si9jUl "31) FUOISPUDS O HWI |OUOISO]

payoj0odonxy
230wnx0sddy 313um PAYSOQJ

SIDVINDD 1901039

3600935 JajompuUNOI) 3UOISPUOS A1WDIDT

abodsag uajompunosg 2UOISPUOG | ON d0yOdOY

AL NOILYI0T INIWIUNSYIN -

MO3 ¥3ivm 3ovi4uns T~
\\l\l{llr\lﬂ\lll\v( U.ﬂﬂ
.%\.\llul. S
T T bagg e A

.yw T

abodaag uslompunosy wmanpy 350031 ybiy

960023 JIOMPUAOL) WAty S1O(4 A%D0Y

EETSY

oasy paotabap jo ALiopunog pydn buory
9504 3bodasg -(saysnq Apoom 3wos puo “saysni
Mi0q ‘spoYod jo sisisuol uonodbap) abodasg
JAIOMPUNOI) Yl PIIDIDOSSY 09y paoYabap

NOIIVNY 1dX3




Z8681 v Ar LrLo-48 |l VI

yav0-20v08 On ‘Uspioh
¥9y xog "0'd

yy ABOOUNIS) PRUBMLOAAUT SYEY AR00Y
dnory sweisds voneuloul Hydeboey
017 ‘39%IAKI5 UCHRIPIWIY

ulBunoy Ajooy

201
pomdaty

aug Abojouyna ] |RIUSWIUONAUT SIB[4 AYO0Y
ABrous jo weswpedaq ‘SN

jue eBReuivIP/ ¥ LO-£6/6| We-de W-dpyeiepr e8]

LZAYN wmeg
BUOZ [BIILED OPRICIOD
uonosiold #1RUIPIODY BURl] 918IS

- - —]
| T
HO00T [T10) o (i1 3]

1894 8421 Aprewixosdde swiesesdal youy L
QEELT © | = 2B

R i’

jumowiun 16p) - SOSN
AG popreid ABCapAH

LGEE - uf N ANooy 9707
g

Ay pepirosd S8OUSY pUB SPE SBUDING
HIHNOS wiird

speod Qg
speot pehed
Alepunog s1g|4 AMOOY

sauay

sainirs) sbeulRIp
19430 J0 ‘seyonp "sWeads

spuod pue seya

saumesy deyy prepuels

NOLLYNVYId4X3

saImypa,] afeurna(
RAKCER. |

p-7 a3y

B 758,415

I

DLt e’ 3

4,\

-
RN

P

T puag

Wml.l.i_ll...lllllllllllhwl.@ﬂ»ﬂuﬁml\,lﬂ
i i
|

oD o

5 o

st gy Loy

e GG W W R e e e

ion Conzt
s, Boulder DErSieR a

R

0Bgtgesty 3

06:'€24's 3




£861 ‘g1 janbny OBLOL6 QU dYIN | oy 3 8007507 3 T
FRPU-EY g 09 ‘usp s . y
alg ABouloay ,3:2:_3;5&?: mxxvm g’
dnouy swepsis EanEEE_._.._E?-w = T S G R SRR, e B e e e e e s e s R &WJ_ =
O™ ‘seales Ualjelpeuioy \\ h o i =
ureyuniop Ajooy o e 1
’ EEE DN - s i 1 ey
Hel «A
pamadazg

[ e wreeoE Lo-L8f 6 A aineload g nby

alUS ABOjOUYD | [BIUSWIUOLIAUT S1BH ANTJ0Y

Absaug jo uswneda 5N
,
W H
LEAVYN iwnieg a L i :
UDY 211U OpRIDIO] - ) § ]
uoljoefold emBUIPIoL)) eusld 01218 _ I . 2 i
' P = ST CENIIIC o rmr oI To T oo I T TIM IS TS TEI T H B
P e e - S g
HOOOEZ 0001 [T ] s . A
’ = R
1wel gL/ L Apiewixoldde syusseldal You! | % T
QEELE T | = 8eog ¢
i
|
1 Wt coneay L
h = TR

GE/E wyaBarideyie sl woly perrdig
owbep se7 IRy QRET M pashide
BH A0 RIS [EI57 (g IO} OIS
w0 itk speor Ajdeifoiphy weous) sBuppng
HRMNOS VG

gpeol LI -

BPROI POARY o

AIBRUNDT $1B1d ANTI0Y = ==

sanusy

seinyesy of eulelp
P10 40 ‘SeYOUP 'SWERLS

spuod pue sexey

|
salnjanlis leysa 1 sBulpiing |

seinleej dejy pa c_u,cwa,

suoRels DUNOyUON pS PIITEISS ®
JeyBesb Jo B/ind 0oL

Bind DOOL usYy sse| Ing terealB to Byind ool

Byiyd 0oL uByy sso| Ing J51E048 1o BNod of

Bind o) usyy ssa) g erea1b Jo Blind |

B/ind | ueyi ssa
NOLLYNVY1dX3

[10§ d9B}ING Ul
HZ-WNPLAWY Jo UonnqLysiq
T 9an31g

=

HOTRE 410

:

01y BSL N

T T
(R4 TR 900'9B0 T i 200'9RD"¢ 3




twe ndsejoL Lo-28/46 /919 eloadsz by

1681 ') janbny OELO£6 QI dVIN
¥DFI-207 08 09 ‘uepjoy

15 AJ0{UYSAY (B2 LG ;:Wm_ﬂmﬂmx#m

dnuiy s wiskg uegzuisyy sydeiboey
11 ‘S80IAIeg UCIBIpBLISH

urepinop Ajooy

BOOT0BLTE R R |
1 i

—am o SRoER-ED S B e W s s e s g y S o T T S B T T e T 5 T R S sy

i L.
pesedarg q

211g ABojouyoe | |RlUSUIUCIIAUL S1B4 ANo0Y
ABisuz o uswpedeq g0 i

4 744,000

Separt D107

LEZAVYN wneg
Uy 181IUS7) PRI
uooelold alsUipioor eusd elelg

il

i B i R B e o St o R R R R

aouis Boder

i —
L Mg
HO00L o00oL ] [

1001 g/ 4 | Alieuixoidde syussaldal youl |
QEElc: | = ooy

R B e S e

Eimma SR Sy

GoYE wipdeBo ks By dwos] perialiig

wubivg 597 784 7 Ay prinides

wep oAn-Ay eitow 01| PRI
1o pue sy Aidi ok seausy gy

SFIHOOS VIVG
spEOI LG
SpEOJ peAsd N
AlBpunog s18d ANI0Y - e

1608

S
saouay Ey

saimes) ebruieip
4810 10 'SBYULP 'SuEaNg

[ Rgy

000 Z5L N

spuod pue sayg

saihlanils leyia 1 sBuiping _ 7

vusg
yont

seiniweg degpy Ecﬁ:ﬁw

SUOILELS BUOLUOW (S Palveles

1e1eelb io 8/ind 0OOL

kf.-$__._

B/ind pooL veyl ss9) 1ng 1e1e24B 1o B10d ooy

o

RN .

1
B/1md 00| usyL sso] Ing Jeresifl o Bind oL H =

A

Band oL usyr ss8| Ing 1ele=ib 4o Biod | i

I

]

B/nd | ueyy ssey I

NOILYNV1dX3 L

[10§ 30BjINg Ui
0PZiGET-unIuomid JO UoHNqLYSI(
7-p 2an31g

By e

Ho758,410

OFFESL W

[ FA S ] Daﬁ_é;moé 1 M Brefei0tr 3




{2661 21 Bguiexeg a8 LG Y | o

frier BTN R

+9E-20108 0C "uopInE
R bab <oy 'd

115 ABOIOUYINL. (1103 WNOANE SRl iR
ity EWaleAg Do gRULIcU| o1ydeIBed by
e i b | .Gﬂﬂ_?_mm UdnBipsutay o3 7

upgunop ooy

w24 230

& putd B 30 Sy
o
pamdarg

alls ABojouyoa ) (BIUSWIU BIIAUT 18]S AYooy
Afisuy jo juswiedsd “s

jugrde upe-ssjpmede WL L 10-JfiadAysisaliord g aby

o Camt

I

o © o @

-0 PHog

s B P

LTI N umieg
€UOZ IS OpRKioD
LoRue k] RURIC0D BUBK] 91815

Q
D
)
9
©

B A oo, - e
H000% 905 o 3]

ik

5 P ey S e . may e ® - [ —

VINY TYIILSNIANI

020%Ess ¥

199) g8} MBI Iddr Blueselds: you; | ]
QYGTL L = ORIy )

@
Q@
el
9]
0
(5]
]

[FErEN,
s
o

L e i e S P -

N

A 7

@
Q
@

St “synsbopoqdoqeo ag: woy peRYg
wallop U7y 9125

B SAO-AY) RIS 551
wigpo i peot AgdedioipAy von

@y K B SOLAH W0SE SIS
Butpasts 4G OISR waswn Sw! o
HFOHAOS VIVE

§pEU poAd

&)
I
5

Alepunog s1B|4 Ayooy

BIDLIILY JOYI0 PUR SO

i

soimeey oBeulvip '
IBL16 40 'SBYdlIp ‘SLWesg !

spuod pue saye

spulod uonwioders wjog

i
|
L
r
{
|

$2iN1oMAS JAYIe 1o sBuippng

(]

t
sanjesy depy prepuels

sepduwieg uslipas

BBUUIRG HOS FURMNG
suolesc Buldweg &

INOZ ¥344N49

)

(pe1sIpeLIal) peAcllsl Useq
gel| 1901 UoPeso] 108 BoRuINg ()

spead UOOY | 1a1L srogy [

jeAs LOBOY | 1811 Mofed 3nd |j istf eaody [

] 2

[ e
o o e 0 e -

o \\ |

|
|
|
|
|
...... e P . ,

S[9AS] UDROY (1181 motag B
SOJIBY 40 WING - [SAST] UDHIDY
puebe

®
W o

Par uonpy 4q
SMBNIV WALSIIY 2 WS ‘Wnopnjy

suonjesoy Sundareg
JUIWIPaS PUe [I0S 308LING

€-p 231y

i
i
i
|
~ ! 0
‘lr 4,! 4 o)
I
S /..Pf ok v pen e
e Ty - s 2
S B = E

- e

AN

nrace i

T T T
Uy 1 soptety 3




.aBdyss|we-dew-dpyeiep! L6187

Jweyng-sBdysedaw

[Z55T 8t e ZNO-56dH Ol dYN : R T00 86 ¢ 3 TEEE pay seD’T 3
¥Sp0-20708 0Q UOPIOH | . }
voy xod ‘0'd ; - =
g ABOOUNDGL JeWBUPIDIIALY nEd APt N
dnorg swejshg UoRBIRIONL atiwaboey ///
sy 'SR0IAINE yonEIPAISY N
wenow Aoy s %\ Q )
S N
Sy b= > R
pasedisg Q%\ { x% //
ang ABeojouyoal |[puaLILonALT STBL Ayooy /, ' R .
' W e
ABloug o wouwnedeqd ‘SN
100% . GalL
\u T ﬁr N T e
\- | 7 .
7 =004\
7
i, OLH, 008
pumcrr ) 29, , : _ .
veos - oot = o 080 ‘ 000, o7y, 091, OL8L, 06T,
Ag peppaosd seoUSt pus spgod SEURERG - .
POGE 40
oup s Ayocl DBHT RUGIRINSE O IENENIRG
“dpaig ATnang P ooy Ry SO WP SOIH
ey .,
g, 089, O0V9Z, Uz0E,
000, 000, 060, 068, ocsL, OUBL, Or9E,
speol g . ,
SpRO! POARY . 080, . 3 -QLEl, OL6L, 066l , peEE, orid,
fiepunod sieqd Adood
$a0USY
sgames) ebewmep : oroz, Qaol,
10430 i0 'SeLANP LIER NG :
spucd pue sae k\\_

sosnienas 1eyo 1o sBupng

-gainmiesy dejy piepuels

1

oocoL - 000t ||

©ooL - 001

QoL - O} \u

Brind sebuey e3eq@ ¥DdH

(199) QST JO MIMA JO PILL 103)
3pd Tpr-av
10}
vjeq *DdH

.

- 93 =

s pr

259'680°C 3

1
000'gR0'Z 3

50769




pweyg wedewsi L Lo 18/ai0efuidiiar Lo woyy

661 yisniy

[T P
¥3b0-20408 01 ‘UoPIaR
YRrogd
g ABoLOUYIOL RIVI WUDAALT ¥y
dnaly sisslg Uogeinieju] siydelboa p
T savtaleg Uoeipaway
tiunol Hjooy

a31s Abojouyds [eIUsIUCIAUT SIBI] AX00Y
ABJaug jo Juswedaq "8

LECYN suaraeg
5107 |RIIUG:) OpRLHO])
uenaekg RIRURIG] BUERL] STELS

w0y gL 91 AmRIIXDIADR musse el yous |
QYL s | = 8Pag

S6/1 widetBoroqdog)o dyz uitil potubiG

Svliop STl ORI A posrates

RIS SAN-AY PRI PEET ARME SOIMBPRES
o pis speos AudvidopAy soo sy ‘shuping
“paeord dols
WA B 3 SO 0 W5 € $ITPT N DY HOEIOL JORD
10J BIMIAIS 55 ) @9 V0N 4#D KOE SUPRE YL
B HSUHROUR O HY BI0Y 193] Ucnio8 dpsirioidde
. ku\s BURGEIED O J4Y RICH Synwes PopApue
1IN KR DOBRIAGAT DR SOREE PO UOTERY

HOHNOR i

spBol pead
Asppunoq s1el4 Aoy
8811180 JOUI0 PUB 990US

szumea) obsuisip
IBY1D D 'SOYOLIP SUIRRNG

spuod pue seye

spuod uopeiodera eog |

j
$8IN301418 4840 Jo sBupINg M‘;

saineaq deyy piepuerg

(p23RIpalUal) paAclIal Uaag
S 18U UOIIRIO] oM 40 Jjoymiog ()

SIDATT UONOY {431 aacqy ()
Sjerd
UONOY | 4Tl MO ING (IR BA0AY )
SIOAST UOPOY [1J8LL mojeg D
$0118Y JOWNS - [#AR] UOHISY
pusban

[PA¥] uopdy £q
S3MIAIOY WNISLIAY 29 WINIIBY Y ‘Tnmomgy

(TF A\ TjEApUnOLD) R A[0TPIOY)
suopese] Smpdwmes

[0S ddeyansgng
§-p 31y

SR

=

st D

Ry

20 g

wrR ey by

ana

o DA

e, oS

VRV IVIELSOANE

%]

I
- s i

INOZ ¥344N4d

ra) ey,

I deg




2661 ‘g0 Ay OEL0-L8 Q1 JVIN
PHP0-g0b0Y 07 Uspiol e

yor Xog “0°d

S5 ABojounosl juuswBoIMG BEY Apoy g

:
v

JWeudpesfoRl0-26/8| We-dow-diyereps LBy

dnoiy swieisAg uonsuliouy wydeldney - - (] o
0T ‘990iAKS UOREINIWRY . i H

wElunoyy Ajooy W”g = }

g \ = = i

pomsdory | i

, §

UG >mc_occumk [BIUSLUUCHAUT SIB|H A3DOY 7_ = Sl B i
ABsoum 10 wswnedsq 'sn ”_ ) LT i )

= §

LEAYN  wnmeg = i

AUOZ {BAUSD TPRICIDD =
1101108[03d 2IBUIPICTD DuB|4 S1RIS r N m
i
I“ b
Q00T @004 a2 [E:3:1

199 g1 Amrewxordde swesandas youl |
OEELT 1 L = 9 g

B e . PR ST R GRS R S - S e — "

e e
I

Jumatsyon aep;
Aq papinesd

161 - ouf spsp g Aooy

ey &

AG peppacsd soaus; fuR SPEDL St
DM

speaJ 14
speol pessd e
Aepunoq S1eld AMOOH ew ma

SA0UBH .

sanmies) sbeuisip
8410 JO ‘SBYONR 'SWeRdls

spuod pue seyeT

ssanlondis tayio B sbBuiping

sasmesy dey piepuels

uoneso] 1d 1o
NOLLYNY 1dX3

SuCHedOT M [10§ |
9-p N3y

90L°EL0'T 3




PR SR -0 oI0E LO- 61 8 Ay nlneloid/gmby

61 i janbny SEHOLE O oYy [T S5EEb U,
FOVIEN DR ) ! ! -
L s . . - S — o + 2 o L R T T SR BETRR. s sed R RHeETR A B8 = m
P fmesiAdeg UoRBIDsUIl I
ujeRInow Axsoy i
uahs G pued ﬁ
pesadarg
sue ABODUUDE | BIUSUIUOIAUT $1814 AND0Y m
ABusug Jo wswedso e n ; i
e i -
CE i z
ZTOYN Wnea =11 t
UGy 121187y DRBIGWT; £ e
unoefoi alEUIRIOO ALY GIRIG T
!
B leistol
MHoGuE aooL W
{18
1wep g/ L Aiswino.doe sjuesaldal Yyou) i m
QEELZ * | = 8oy u ;
i b
H k
| i
i | ﬂ
| i
) i e et e e o o o i S
J H - R —E g
5 w FEme T
W .
' ! ,

G/ wigamfoiaeyin 243

woliap w07 I8 238

RID ON- K2 PUSR Ji3) 16
» e Spivens Al Borpasy

SpEC) PEsEd
ALBRUNTT 5180 ANOOY = s
sanued

saies) sbeuiep
JBUL0 10 BRUDLE 'SWEBNS

spued pue seNEy

sain3anis 1ey30 e sBuiping

sesmizey dep plepung

suolIBlg BULONUDKS AAg paloeles @

is1zaib do Bind 0001 g
T
B/i3d OO0 UBYL ssa ahg Jeteaid Jo 8n0d 0oL ;

B/15d oot uByl ssef Ihg Jeresib do Bind gL

B10d oL ueyy ss&y g
NOLLYNY1dX3 i

[tog soelINg Ul !
PEZICCT-WNERL(} JO uonngLISK] !
6~ dan3ig ,

HiYESL A




1 yanbiny

g ABoUgoa) 1
iy 6 waly weg
ey fgeolAle S BolE ISy

ujejuno Aol

e s . . S R e B e e S TR T R SR T o e RS ok T e T =

FOC 104 6148 G vveinidiy nibly

aug AB

..w ABssu3g jo wuswnedsg 50 ,
] - =

LZOYH NG
BUBZ (RIS DDRICIOT
ualinsfeld 81 UIRI0os sUBid

ﬁ
HHOFFE GAYE

1wl g4 1 Memuixpsdds syussaidel You |
QEELT T | = 8@y

g

=

i

S@MLes)

=
o

| sUGEELS BULOHUOW MG perosiey e

el o Biod nocy | B ;

Biod QOO UeLl sea) tng Jatesid 1o B

ool |

Bjind onl usyy sse| ihg Jegssid so Biind o)

Biod oL usyissey | |
NOLIVNY Td X3

10§ 3oBlIng Ul
SEZ-UNIURI[Y JO HORNGLISI]
0T-p 34n3ig




2861 ‘g1 yanbny 081L0-£6 ‘Al YN

POYO-E0r g U9 “uspiy

¥9¥ x0g “U°d

AlIg ABmpuyoal |BIURWL0.IAUZ S18]4 ANODY
dnory snepskg uogemlom) aldeboss
0T '=e0IMeS UoliRpewoy

ulepunop Ayooy

RLIT LTRSS
i i} .

T4i88D

I[@{MlmspBﬂnﬂﬂﬂlﬂ.\wﬁ‘hﬁg”ﬂmﬂ‘_ﬂuﬂhm“.ﬂmﬂ‘nﬂ//n“_ s, = = e AT e R e TR
i S

= e mm e TR S T R s T mm TES e G e e T

pp— J

pomntng

9115 ABojouyoa | [BIUSWIUONIAUT S1|4 AXooY
ABusu3 jo Juswpedag "§'N

{We gER-NI2QE Lo~ L8 L6 A} s106lod; 5 aiB;

LEZAVYN wnisg
auDZ [BJUSY OPRIOI0]
uoljoefold eBuUIploos) suB|d 23815

i ped

ongtion G

souite ST

N\
Snark D
[N

AN
N
N
|
it

/
4
I .
0 R

it
i

n p—— o
HOOGE 0001 000

|
I
|
|
i
|
|
i
|

'

J

1994 g/ / | Ajpiswixoidde siuesesdal Youy |
0Eele: | = oeovg

= s ==

v T i

{
]
i
A
'
==

,‘
. 5 ]
i smo . ; R - 4 ;

! L
LA

—— SRR W S
o Lo o ewe e S e KGR S e N

b e LT R R

B6/1 SRy io Y0 au) wolf persiic
weliop S8 i5H D377 AQ prades
P MND-FI] PUOR FGES WAL SCITINES
1oup pu speas AidesfloIphiy eaus{ ‘S8upng
“FIMNOS WivT

4

speal . R mEs T
pBol LI y -
P

. ; %.,6fé gy g

: 4
gpROJ peaed — |

4

Alepunog 184 AHIOH = em

saouag

sanes) sbeulelp
1BI0 S0 ‘SBUOMNP S EDIS

spud puR se3E]

salnjaniys Jeyio g sBupyng v

A

|
|
selnjesy depy plepunlg

suonelg BUONUON MS pelos|eg [ ] T -

1ayea4B 4o B/10d oooL

B/ind ppoL ueyl ssef ang Jeaeaib uo B/10d 0oL L
B/10d Q0L UBY) $88| ING J81Balb Jo B/ind QL r

Bjid oL Uey) ss&
NOLLYNVY1dX3

JI0§ 3dBjang Ul ot~
SET-WINURIN JO UORNQLYSIY , j e S T E S E T SN =T Cai
I1-¥ 3an31gq =y =

S —

NG

T T
eootyee’e

GlEREL W




1681 ‘g€ Ainp 0810-26 ‘Al JVIN

Pav0-Z0¥08 09 ‘leplon

¥ay X0§ "0°d

oI5 ABojoue] [EWeMIGIAG BBl 0%
dnoig swelshs Ueleuoul vudeidoeg
07T ‘sedIaRg uoneIpawIey

ugunow Ajooy

Ry
pamdarg

0807080 3 opLeLe'e 3
|

a1g ABojouyose) |RlusWUONAUT S1Bl{ AXYDOY
ABisu3 Jo luswipedsq 'S'N

twe s> mBQ/08 10-26/6) We-de W-diyerep] LeiB)

LZAYN wnieq
SUOZ [eJIUSD OPRICIDD
uogslold @1RUIPIO0D dueld S1RIS

30002 [T 1% ] 004

198 /1 Aprewxosdde sjusgordss youy |
OEELlZ @ | = 8|y

fumoaun 0] - 8N
Aq papincii \%%\EI
URE - uf I8 AYOOY DROT
‘uBug Seney
A popradid esouy pus ‘Speme sBuprg
FOUNOS WYY

speod 11Q
£pBOI pesly
AlBpUNOq SIB4 ANOOYH e s

seouad

sein1es) ebeuwip
1810 Jo ‘seyoup ‘swieells

spucd pue say e

-

sain1onas 1aylo 1 sbuippng P A
sanjesy dely prepuels
s|lepn Buloyuop
lelempunoty punosbyoeg @

NOILVNVYIdX3

syeq Mo
pue S[PAA FULIONUOA
JNVMPUNOID) punoinspoeg

T-S a3y

S —_ ] — —— -

T " ——— - -

=

N

- - . 2o - -

~F

e s I .

cad o

5 *
- g w6 mm omm e em o o o MR

ke

i

R e S ——

.
oy

e -

DeRLPL N

B2V R D

0ei'vea's 3

Ti'25L N




1WE 21X L SPRYEE LO-L6/L6A) s100f0id/ zaib)

1661 '5¢ lequieideg €2L0-46 AT dYN 100'zEE 1 [T TE 000tEL07 3
L | ; . L -
PAPD-GIPIS O WIPPY z ~
Fey %08 0 - 3
UG ABatouosy BB AUT b1 AXoON o ot ot ot o o i B s o e S s R 2 P e o o it e 7 o e e R R L B ’ o e e L R P R i T M A e r

duaty supieky uopsuisiu) sjydsibony
Y1 "sedialeg UoljEl pellsy
usElUnoR ooy

a1g Aflojouyos | [eluswucliAug STE]4 Ajooy
ABieud jo wswinedsq 'g'n

LZAVN Wnisg
SU07 [BUST IPRIOTT
UDNOB{GId B1RUIPINND BUNld MBS

16T

188} g¢ /1 Aslewixoudde sluese del you) |
0EELe i | = 8peog

ok 141 Wed pazadic]
27 754 95T A7,

spen 14Q
peVl paARy
Arepunoy s1e14 Aoy

98oUsY

seinyea) sbeutelp
18419 1o ‘selyoup ‘sweeny

spuod pue sexey
]
spuad ucgeiadeas J210g %

ﬁ.
seinjanas Jeyjo so sbuippng | 4
L

sainiedd dy N plepung

V124 £H0'0 = NHYWHONIE ANNCHONOVE

Siep Hooipeg o

SIOM WIIARY
oL <
o'L-90
G0 - 610
S0 - S0°0
500 -00

{1119d] uonenULOUEY-ANAROY OPZ/GET WCINK

S661-1661
h@a&?ﬁs—ch@ q&_>=——< S.
OPZI6£C WNUOIN]J PAISYguUn)
7-§ 2angig

w T

= | |
L =7
i j e ,_
kP « P = %
~ Y
=< m‘ \: é
- N h
e , ﬁ
i g ° i
- i I
L
I
- s I
s o o PN =13 ~ bm
o o - I e T == T = - by el - =1
g - ,, 7 e I
Bk
[

s e v e By R

TR

T T 5

s

¥

i [

SO0

18 K

REERTIN ]

[Tl

nwiess N




Ayreyaefoidyzaifly

JWE L1XL L ePBYEE LO-LB/LE.

2861 9% Iequisides €E10-46 I dVIN

P8p0"L0PC8 CU 13010

yoy X8 "0

aug Aliajeunysa) PUALILOIAUT SITIf Rxoay
Anuy sepelg UofNUIRNY BdRiony
"7 "3601AM16G UOIB polley

ulsjuhop Ajooy

ERZIRET]

8)g ABojouyos | [eruswuuoliaug s1€]4 Ajooy
ABiaug jo Jusipedaq 'g'n

HoT4s000

LTAVN wmeg
BUO7 [RIIUST OPRIVINT
ubposfoid @1RUIPIONG BUBL GBS

BoeduE T l - U006

1665 87 /1 Alstewixoidde spueseaded youy |
0EELT i | = 9jeas

SE/ "SyBapoydos B Lo peZlic

“=Baq 27 ISy 9RET Agpamdes

RIEE BAO- A (01000 407 WL SOOI
sy puE spea) X.\nmaaf\:\ “senstin)

IR LS

2peol 3i(}
speal pesrd .. =
Aigpurniot sie|y AYooy

seouey

seinyesy eBeuieip
181430 10 ‘seyOIP ‘sUIR RIS

spued pue seyeq

apuad uoneiodens ejog , ;

B

sainlead deiy plepusig

seIMIans Isylo Jo sBuipping

V104 9€0°0 = NHYWHONIE ANNOHENIVE

sijei) yooipeg

SliaAA WNmANY

08 <

oeg-0L

TL- 810

S0 -P0D0 :

00 00 s

{1n0d] yonenu2oUe)-AUAROY LHZ WNHRY

S661-1661
JJRMAPUNOIS) [BIAN[Y UT ]
TP WINRLIAUIY PASdIyu ) |
£-g dangiy ,

000"yt
I

o e e e e e

RN

7

2

- b e s

eSS e

o e e S T S R S e

i

i

)

i

4
L

-
-
g

(L2t

H

FIENAN

T
(IR LR

/

LA S 2

HERRL N




Ay syoeloidrgaby

LWE XL LT SR RYEE L0 L8/ LE:

661 '9¢ Ieauieidbs €E1L0-L6 Al dYIN
|G ABajauyaaj 1
dnosy suapedy uogs
311 F9P9IAIeg uoijE|pewey
ursjunop £4o0y
A9
pandary

a1g ABojouysa | jelueuILOIAUY S1R|{ A)DoY
ABiaug jJo juswiledsa] 's'n

LZOVYN WNBG

BUOZ |EILOT OPEIOIOD)
ueios{oid MBRUPICOD AUaLE 1815

nodoe T Q001 L T

1e0) g/ [ | Alpiewxoidde sjueas del youy |
QELLT | = ajesg

A —

$6/1 FydRBagoydoy]a 84Y w0l peRRic
“weBoy) 907 15K QD Aq paimices

P BAAY DUSD 155 (L SIIMARTR
LBt pure spacs AgdhiSamAy ‘sasle,

SPROI NG ...
spRol peArd
AIepunoqg siejH A0oY o e

saougy

senivey sbeuresp
JaUI0 30 ‘seyaup ‘swisang

spuod pue seye

spuod uopeiodeas tgjog j i

selnjonas 1eyyo to sBuipjing [ ,
soanled dujy piepuBls

WVod L07L = |9Ae] UOILDY
Viod 09 = Yewysueg puncibioeg

siispo00IPER o
slleA WINLANY

966L Ui pejdwis Jou S|lem YOJH g
001 <
00l - 209
£09-0v
oF - &
q-1

L-0 .

(I/15d} uoheiussue-ANANSY YEZ/EET WNUBL))

S661-1661
IIJeMPUNOIS) [RIAN[[V Ul

PETIEET WNIULIN) PN
§-§ 2andy

I A

P L L e LT e

.

2 o

P ——

P R TR A P S S R . S e R o, 1 TS SR T T N VS T S e et e T S T e e R

s

(R e

. -
T S N e W =

e

=

RSN

[F2R 3T

: [1IRITIP N

00LTFiEE A




-Leizah)uieefoid ety

PWE L NL L SREYEE LD

7861 76% mowEdes 810-L6 Q1 dYW

u.f_l;m‘himrlm‘r‘é‘“ﬂﬂ%uﬂﬂwﬂnﬂuw,“.ﬂ‘wwm‘ﬂlﬂ.ﬁum“ﬁﬂl@ ﬂ‘wnﬁ

N

1] fs8oileg UonEIpaweH
ulejunop Aooy

e
?ﬂmuuw

elg ABojpuyoe | [eIUBUIUOIALY S)E|4 AXo0Y
ABroug Jo juswiptedad ‘g n

o Q2

1
i
1
ﬁ
3
i
{
a
i

LZAYN wnieg
U7 (EAUSY OPRIDja]
UENasiold & BLIDICOT eUR|d M1ms

T = e
.
R

uodoE ™~ v B noR

OEEIZ - | = @10y

1vep gLz 1 Alerewxoldde syusseidel youp | _

PRI JAIQ

EIEITS

speol pere -

ABPUNOY S1Bj4 AYOOY o o

s27UY

seunieey sheuteip
1830 10 ‘saon ‘sLIRang

spuod pue sexe

spuod uoielodeas 121085

$EIM10NIS 1Yo 1o eBuipiing i

saamedy dejy Eav:&W

LOY] = [9AS] UOR Y
ind §2°) = $lewysued punoibyoeg

sitspA o0IpEs o

SIHOM WnianlY IS

PEBL U pajdues JoU S|BAM YDA
4 <
G-801
6L1-01
o'L-g0
G- 10
re-o .
{iipd) vonenUadUY-ANARSY GEZ WNIURIN

S661-1661
IIJEAPUNOIY) [BIAN[IY UI ‘; o
SEZ WML} PAIAYILT N | NweoTatoo h | | =t
w.mosw_m «\ ;

e T e T ——

e

s

T
9007 R0°% 3 3 . ) 0T 3




§10- 28/ 64 stoefordszarby

twE L XL epRyg

2661 "9z Equendeg £E10-L6 10l JYW

Pave-5oved 0O ‘uIpiey

Py Xag 0y
2 31814 AYo0Y
dnosy tmeledy rogrmlogn) spydeibest
1] “900IAIeG LoNBIPeWeY

umunopy Ajsoy

posdory

1 : T L

0005 E 3
L

2118 ABojouyos § |eruswuoiALg Sleld AYooy
ABlauz jojuswiiedsq 'S'n

LEZAYN wnieg
BU67 ENUGY) opeIvie)
uonoeloig @1EupIce] aulld 8IS

H000% Go61 (2 00s

10a§ gL 7L Alerewixoidde syueelded yauy |
QLT H L = B0

3 105 1256] (04 :
PO PUR 01 UL OREAPAY Sy AEUPI
08 YT
PRSI .o
speol peAed ..
ARpUNoyg 81814 ANGOY o o

EEGITEN]

voimeey ebeujwip
ABLIE 10 RaYOUP ‘sUiEang

spuod pue seye

spuod uoneiodeas 1eog

seinjonns 1o Jo sbuippng

$2IMmBa de pispuels

/104 L2270 = |97 UOIIOY
10d @' L = jieysusy punoiByoeyg

Si[6AA N00Ipog

BlSM MNIANG Y

D661 U pajdilies Jou sllem yO4Y ™

0ol <

Q0L - gL
iy -0l

oL -5

G- LL0

LLG-O

{110d) uopeRUSSUGY-AYAROY SET WnIURIR

S661-1661
JIJBAPUNOIL) [RIAN[[Y Ul

$€7 Wnue.a) pasajng
LS aandig

Hlt-‘....,5rp.lrl[[[!..!E,Eiﬁnwt[;s;;wﬂﬂ“m,ﬁl\ﬂﬂﬂ‘@ﬂfﬂ e qﬂﬂmmﬂﬂnﬂWﬁmﬂ‘%ﬂ‘ﬁuuﬂﬂﬂ;mmﬂu\mﬂ‘mw!ﬂ m.
! ; ) |
I j x
I / e !
it : ) |
g . ; ,_
, , . i
’ o i -
z , o | ,”
M E ' :
= S b=
I
)
;
— _,
) i
. s
o I
o It
o I
; S a
g !
‘ ]
i n
T
) i
b
oy
1
L
vv
L e
3RS L
- e DT T T e

ueRsG 3

g
(LI A

[INCTER T T




2681 'gg sequaideg 9900-48 Al dYW
FIre-eaves 4y 9

o VIR G

2118 ABa) oULzaL [R1ULDIALY SIB)4 IRy

dnosy swejedg vonpeuioiuf 21ydribines

1] 'sedlales uciiBipewey

urelunopy Ajsoy

[N
I .

[N 1N

g
pandbng

!

7

N\,
=

8115 ABojouyos | [eluswuonAug siej4 Axooy
ABiou3z jo Juewliedsq ‘SN

| WB SUONBLSMEIOB/ORCO~LB/LEA)/310 slosd/2815;

LZAVN whieq
UOZ [R1IUDY) OPLLO0D
uoljoelold eBUIpIoas aus|d ewg

. — | .
3000% 2001 [ 005 1
ﬁ,u
108} cop | ARrwixeidds sjuasesdal Youl | ,
ObaslL i L = eeog
B |
1 )
| 1 !
g domopy

speos LIG -

SpEOI paArd

Aepunog sied AP0y o -

segueq .

saunjea) aBeulelp
1840 10 ‘s2youp ‘swealls

spuod pue sje]

. —
spuod uoyeiodeas 1ejog ﬁ 4 i N
o I S
sBuping | " P
soinjea, deyy piepusyg ,:_
I
E
I
I
[
L
1 .
o O “
. 0 7
BOURWIOLIS] J i ! ‘
-
S i
JHomewel (A Uooy ,r P i

soueldwog Jo swuteg (D

uoipoeleq] eounog meN O
NOILLYNVY1dX3

gagy SR oK

sSuoB)S SurouoN
JOIBAA FOBLING P9)IdJas

e
e

T kg N

s jousd 9

1-9 2an31q

e o U Loy




